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Declaration of Pro! Dr> Thomas E. Willnow, Ph.D. under 37 CFR 1,132 

I, Thomas E. Willnow, PhD, hereby declare and state that: 

1 . 1 am Professor of Molecular Cardiovascular Research and head of a research group at the Max- 
Del bruck-Center for Molecular Medicine in Berlin, focusing on functional characterization of 
endocytic receptors, cell surface proteins that transport metabolites, hormones or signaling 
molecules into cells. Further information can be retrieved from http://www.mdc- 
berlin.de/willnow/pages/research.htm , I have a dual appointment as full professor for Molecular 
Cardiovascular Research at the Charite, the Medical Faculty of the Universities of Berlin. In addition 
I serve as lecturer in Biochemistry at the Humbold-University in Berlin and hold the position as 
Scientific Director of Receptlcon ApS of Aarhus, Denmark. I received a Diploma in Biology, 
University of Munich (1988) and Ph.D. in Biochemistry (with honors). University of Munich (1992). 
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My publications include: 

a. Andersen, O.A., Reiche, R., Schmidt, V., Gotthardt, M., Spoelgen, R., Behike, J., von Arnim, CA. 
F., Breiderhoff, T., Jansen, P., Wu, X., Bales, K.R., Cappai, R., Masters, C.L., Gliemann, J., Mufson, 
E.J., Hyman, B.T,, Paul, S.M., Nykjaer, N. and T. E. Willnow. (2005) SorLA/LRII, a neuronal sorting 
receptor that regulates processing of the amyloid precursor protein. Proc. Natl. Acad. Sci. USA 102: 
13461-13466 

b. Hammes, A., Andreassen, T. K., Spoelgen, R., Raila, J., Huebner, N., Schuiz, H., Metzger, J., 
Schweigert, F. J., Luppa, P. B., Nykjaerr, A. and T. E. Willnow. (2005) Impaired development of the 
reproductive organs in mice lacking megalin, an endocytic receptor for steroid hormones. Cell 122: 
751-762 

c. Spoelgen, R., Hammes, A., Anzenberger, U., Zechner, D., jerchow, B., Andersen, O.M. and T.E. 
Willnow. (2005) LRP2/megalin is required for patterning of the ventral telencephalon. 
Development 132: 405-414 

d. Nykjaer, A., Lee, R., Teng, T.T., Nielsen, M.S., Jansen, P., Madsen, P., Jacobsen, C, Kliemannel, 
M., Willnow, T.E., Hempstead, B. and CM. Petersen. (2004) A novel neurotrophin receptor 
essential for proNGF induced neuronal cell death. Nature 427:843-848 

e. Leheste, J., Melsen, F., Wellner, M., Jansen, P., Schlichting, U., Renner-Miiller, I., Andreassen, 
T.T., Wolf, E., Bachmann, S., Nykjaer A. and T. E. Willnow. (2003). Hypocalcemia and osteopathy 
in mice with kidney-specific megalin gene defect. FASEB j. 17: 247-249 

f. Nykjaer, A., Dragun, D., Walther, D., Vorum, H., Jacobsen, C.,Herz, J., Melsen, F., Christensen, 
E.I. and T.E. Willnow. (1999). An endocytic pathway essential for renal uptake and activation of the 
steroid 25-(OH) vitamin D3. Cell 96: 507-515 

g. Willnow, I.E., Hilpert, ]., Armstrong, S.A., Rohlmann, A., Hammer, R.E., Burns, D.K. and J. 
Herz. (1996). Defective forebrain development in mice lacking gp330/ megalin. Proc. Natl. Acad. 
Sci. USA 93: 8460-8464 

h. Willnow, T.E., Rohlmann, A., Horton, j., Otani, H., Braun, j.R., Hammer, R.E. and j. Herz. 
(1996). RAP, a specialized chaperone, prevents ligand-induced ER-retention and degradation of 
LDL receptor-related receptors. EMBO J. 15: 2632-2639 
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i. Willnow, T.E., Armstrong, S.A., Hammer, R.E. and J. Herz. (1995). Functional expression of low 
density lipoprotein (LDL) receptor-related protein (LRP) is controlled by receptor-associated protein 
(RAP) in vivo. Proc Natl. Acad. Sci. USA 92: 4537-4541 

j. Willnow, T.E., Sheng, J., Ishibashi, S. and J. Herz. (1994). Inhibition of hepatic chylomicron 
remnant uptake by adenoviral gene transfer of a receptor antagonist. Science 264: 1472-1474 

My CV is available online at: http://www.charite.de/for667/FOR7o20667/CV7o20Willnow.html 

I am a consultant to the company Neuronlcon ApS of Aarhus, Denmark (the assignee of this 
application). I am an expert in functional characterization of VpslOp domain receptors, and highly 
knowledgeable in the field. 

In my scientific work, I acquired extensive experience in the generation and application of 
antibodies for biomedical research. Successful applications include the use of antibodies to 
modulate (antagonize) target protein function in vitro (iigand binding), in cultured cells (ligand 
binding und uptake, signaling), as well as in vivo in laboratory animals (block of receptor activities 
in tissues). 

2. 1 have reviewed the office action of 24 October 2007 and I understand that the Examiner has 
rejected claims 1-5, 7, 1 0-1 7, 33-37, 40-42 and 45 on the basis that the specification does not 
provide adequate direction to enable one of ordinary skill in the art to practice the invention set 
forth in the claims. 

3. 1 make this declaration to rebut the Examiner's basis for the above declaration, with which I do 
not agree. First, I shall outline what skilled person would have known before the priority date of 
this application. 

Neurotrophins are, as is indicated by the name itself, trophic factors, meaning that they ensure cell, 
specifically neuron or nerve cell, survival. Neurotrophins are essential for promoting survival, 
differentiation and myelination of neurons. Thus far, four mammalian neurotrophins have been 
identified: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 
(NT3) and neurotrophin 4/5 (NT4/5). 
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Neurotrophins exert their positive effect on neurons by initiating intracellular signal transduction 
pathways that promote cell survival, synaptic plasticity and differentiation. These signal 
transduction pathways are activated by the binding of the neurotrophins to the receptor tyrosine 
kinases (Trk) -A, -B and -C with the p75 NT receptor (p/S"^^"^) functioning as a co-receptor to the Trk 
receptors. Neurotrophins, like other neurotrophic factors, are known to act through activation of 
two receptors, see the following scientific articles enclosed with this declaration: ^Yano et al., 
^Airaksinen et al., ^Dechant et al., "^Chao et al. and ^Bibel et al. 

Neurotrophins are synthesized as pre-proneurotrophins and processed to proneurotrophins. These 
proneurotrophins, or neurotrophin precursors, carry an N-terminal domain, the pro-domain or 
propeptide, which is cleaved off proteolytically during processing of the proneurotrophin in the 
trans-Golgi network. Interestingly, not only the "mature" neurotrophins, but also the pro- 
neurotrophins are secreted from the cells. 

This information was indeed known prior to the priority date of the present invention, as evidenced 
by the references disclosed on pages 1-4 of the present patent application as well as the text as such 
on those pages. 

4. The Examiner, on page 8 of the office action, questions whether there is a nexus between 
modulation of the Vpsl Op-domain receptor family and neurotrophin or pro-neurotrophin activity. 

The Vpsl Op-domain receptor family consists of the five members Sortilin, SorLA, SorCSI, SorCS2 
and SorCS3, all comprising an N-terminally located Vpsl Op-domain, a single membrane spanning 
a-helix followed by an intracellularly located C-terminal domain. 

As outlined in section 3 above, and demonstrated by ^Yano et al., ^Airaksinen et al., ^Dechant et al., 
^Chao et al. and ^°Bibel et al, mature neurotrophins mediate cell survival through formation of a 
ternary complex with p75^^^ and the receptors Trk A/B/C. 

^Yano et al. (2000) Pharmaceutica Acta Helvetiae 74:253-260; 

2 Airaksinen and Saarma (2002) Nature Reviews - Neurosclence 3: 383-394 

3 Dechant et al. (2001) Cell Tissue Res 305:229-238; 

^ Chao (2003) Nature Reviews - Neuroscience 4: 299-309; 

5 Bibel et a! (1999) EMBO J. 18(3): 616-622 

^Yano et al. (2000) Pharmaceutica Acta Helvetiae 74:253-260; 

^ Airaksinen and Saarma (2002) Nature Reviews - Neuroscience 3: 383-394 
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The inventors of the discussed patent application have found that receptors in the Vpsi Op-domain 
family, are the main receptor for pro-neurotrophins, and thereby the inventors have confirmed that 
proneurotrophins, like neurotrophins, signal through two different receptors to exert their effect. 
This is demonstrated in the patent application figures 2-7. Of particular relevance is figure 3, where 
it is shown that proNGF binds with a higher affinity to Sortilin than to TrkA and p75. 

Since it was already known in the art that pro-neurotrophins exert a pro-apoptotic effect, then 
knowing that receptors in the Vpsi Op-domain family are the main receptor for proneurotrophins 
inevitably leads to the conclusion that inhibition of binding of proNGF to receptors in the Vpsi Op- 
domain family leads to an inhibition of the pro-neurotrophic effect. 

Therefore, from the finding presented in the present patent application it is clear to the person 
skilled in the art that inhibition of the binding of proneurotrophins to a Vpsi Op-domain receptor 
influences the balance between NGF and proNGF, since stimulation of the binding between 
proNGF and Sortilin leads to increased apoptotic effect of proNGF, whereas inhibition of the 
binding between proNGF and Sortilin leads to decreased apoptotic effects of proNGF. Thus, a 
stimulation of the activity of Sortilin will lead to an effect opposite the effect of NGF, i.e. increasing 
the pro-apoptotic effect of proNGF and therefore being neurodegenerative, whereas inhibition of 
the activity of Sortilin will lead to increasing effect of NGF, i.e. increase the beneficial effects of 
NGF in the treatment of neurodegenerative diseases. 

The scientific importance of this finding is reflected by the fact that the article discussing the 
documentation of the present patent application was accepted and published by the highly reputed 
journal Nature in 2004, wherein a schematic presentation of the effect of NGF and proNGF, shown 
below, is found {Nykjaer et al., 2004). 



« Dechant et al. (2001) Cell Tissue Res 305:229-238; 
^ Chao (2003) Nature Reviews - Neuroscience 4: 299-309; 
Bibel et al (1999) EMBO J. 18(3): 616-622 
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The finding, that the Vpsl Op-domain receptors are the main receptors behind the death inducing 
capacity of the proneurotrophins, also explains how p75^^^ can be involved in two pathways giving 
rise to complete opposite results: cell death and cell survival. pZS"^^"^ is a co-receptor that assists in 
the binding of selected ligands to either Trk receptors, thereby promoting cell proliferation, or 
Vpsl Op-domain family receptors and through these inducing cell death. 

Accordingly, there is a clear nexus between modulation of the VpslOp-domain family and pro- 
neurotrophin activity. 

5. On page 10 of the communication, Examiner states that "...at the time of filing, the state of the 
art with respect to function of these receptors was speculative at best...". As evidence thereof, 
Examiner cites the review paper by Mazella (2001) Cellular Signalling 13:1-6, wherein Examiner 
mentions that Mazella describes that Sortilin largely is located intracellularly. While it is correct that 
Sortilin performs an important role in intracellular sorting, especially in the late Golgi, Mazella et al 
on pages 3-4, section 5.1, clearly states that sortilin may act as endocytic or signalling receptor for 
ligands at the cell surface. 
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Furthermore, the enclosed paper by ^^Morinville et al., in the abstract, page 2153, lines 5-7 and 13- 
1 5, clearly states that approximately 87o of the receptor are at the cell surface at any given time. At 
the cell surface, Sortilin is described to acts as an endocytic receptor that binds neurotensin from 
the extracellular medium and mediates its endocytosis into the cells. In the same way, any other 
ligand such as the agent of the present invention would get access to sortilin. 

In a further paper by ^^Nielsen et al., in the abstract, page 8832, lines 1 7-20 and 24-27, it is 
demonstrated that sortilin binds lipoprotein lipase (LpL). When expressed in CHO cells, the 
receptor Sortilin can mediate binding and endocytic uptake of the LpL. Thus, the receptor is 
accessible to extracellular molecules. 

Taking the abovementioned papers individually or in combination, there is ample evidence in the 
literature that sortilin molecules shuttle between Golgi, cell surface and endosomes. Although at 
any given time, the pool of sortilin molecules at the cell surface may only be 10%, eventually all 
sortilin molecules recycle to the cell surface and will be targeted by the agents of the present 
invention. 

Accordingly, on the contrary to what is stated by the examiner, the state of the art with respect to 
function of the receptors were far from speculative at the time of filing of the present application. 

6. Examiner states that the instant specification does not provide any nexus between any 
disease/disorder and agents capable of (i) binding to a receptor of the Vpsi Op-domain receptor 
family and/or (ii) interfering with binding between a receptor of the Vpsi Op-domain receptor family 
and a neurotrophin and/or proneurotrophin and/or (iii) modulating the expression of a receptor of 
the Vpsi Op-domain receptor family. 

The clinical implications of the neurotrophins are outlined on pages 2-3 of the specification, where 
it is disclosed that proNGF and its proteolytically processed and mature counterpart (NGF) product 
differentially activate pro- and anti-apoptotic cellular responses through preferential activation of 
p75 and Trk receptors, respectively - pro-NGF having enhanced affinity for p75 receptors and 
a reduced affinity for Trk receptors relative to the mature forms of NGF. 

Morinville et al. (2004) J. Biochem. and Cell Biol. 36: 2153-2168 
" Nielsen et aL (1999) J. Biol. Chem 274(13): 8832-8836 
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It has been demonstrated by ^\ee et al that pro-NGF induces p75^^^-dependent apoptosis in 
cultured neurons with nnininnal activation of TrkA-mediated differentiation or survival. As 
demonstrated by e.g. ^"^Mizuno et al and ^^Solary et a!., the role of apoptosis in pathogenesis of 
disease and disorder such as AIDS, haematological diseases, neurogenerative disorders, ischaemic 
injury and reperfusion, and osteoporosis was indeed well known in the art well before the filing of 
the present application. Accordingly, the skilled person would have no problem in linking the 
clinical importance of modulation of apoptosis as demonstrated by embodiments of the present 
application, to the treatment of disease and disorder. 

Additionally, neurotrophins are of clinical relevance as it is known that both upregulation of 
neurotrophins and increased p75^^^ expression occur under pathological and inflammatory 
conditions, especially after nerve injury and damage to the vascular system. Indeed, ^^Soilu- 
Hanninen et al. have demonstrated that the pro-apoptotic functions of p75^^^ are directly 
implicated in injury-induced apoptosis. ^^Beatty et al. demonstrated that proNGF induces p75 
mediated death of oligodendrocytes following spinal cord injury. 

In particular the article entitled "Regulation of Cell Survival by Secreted Proneurotrophins" by ^Lee 
et al., cited at page 3, lines 12-1 3 of the present patent application, discusses neurotrophins and 
proneurotrophins and is one article amongst a variety of articles describing the general knowledge 
of neurotrophins and proneurotrophins before the priority date of the present invention. 

It is clear from the article that neurotrophins are growth factors that promote neuronal survival and 
synaptic plasticity. As discussed herein above, there is ample evidence in the art that promotion of 
cell survival, i.e. inhibition of apoptosis would be beneficial in the treatment of disease and 
disorders related to excessive cell death including neurogenerative disorders such as Alzheimer's 
Disease and Parkinson's Disease or ischaemic injury and reperfusion e.g. during and subsequent to 
stroke. The Lee paper teaches that NGF exerts its beneficial effects on neurons by binding to TrkA, 
whereas proNGF does not bind to TrkA. On the other hand the article also shows that proNGF 



" Lee et al. (2001) Science 294:1945-1948 
Mizunoet al. (1998) Internal Medicine 37(2):192-193 

'^Solary etal (1996) Eur Respir J.9:1 293-1 305 
SoilihHanninen , j. Neurosci. 19:4824-4838 (1999)) 
Beattie et al (2002) Neuron 36: 375-386 
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binds with a greater affinity to p75^^^ as connpared with the binding affinity of NGF as such to 
p75'^^^ Thus, the article informs the skilled person that NGF is responsible for anti-apoptotic effects 
of the neurotrophins whereas proNGF is responsible for the pro-apoptotic effects of neurotrophins. 

Furthernnore, treatment of various diseases by administration of NGF was also known at the priority 
date of the present invention, for example neurodegenerative diseases, such as Parkinson's disease, 
Alzheimer's disease and amyotrophic lateral sclerosis. 

The clinical importance of pro-neurotrophins, such as proNGF, is immediately clear from the Lee 
article cited above, in that promoting apoptosis of neurons lead to diseases associated with neuron 
degeneration or damage. 

In an experiment, male rats were subjected to spinal cord injury as described by Harrington et al., 
ProcNatl.Acad.Sci (2004), 101:6226-6230, in the absence (black column in figure below) or the 
presence of 1 ml/hrs of 100 mg/ml propeptide of proNGF (white column in the figure below). The 
receptor antagonist was applied by using osmotic minipumps for 7 days, after which the number of 
sun/iving motor neurons were scored. The propeptide of proNGF was fused to GST as described in 
Nykjaer et al, Nature (2004) 427:843-848. 



80 



60 



P=0.03 

T 



X 



40 - 



20 



N = 6 



N = 5 



0 -I ^ 1 1 1 1 

No add Pro 

The results illustrated in the above figure demonstrate that whereas only 49% of the neurons 
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survive in the absence of a sortilin antagonist, 677o of the neurons stay alive in the presence of the 
proNGF propeptide which specifically inhibits binding of proneurotrophins to sortilin. 

Accordingly, there is indeed a nexus between dysfunctions of the nervous system and inhibition of 
the pro-neurotrophin mediated pathway in accordance with the invention as claimed in the present 
application. 

7. On page 9 (item 10) of the communication, Examiner states that it would require undue 
experimentation to discover how to practice the invention of the present patent application. 

This is not correct for the following reasons. Testing compounds in an assay as described in the 
present patent application allows the skilled person to determine whether any compound fulfils the 
functional definition. Furthermore, an in vitro assay for evaluating ligand binding to Vpsl Op- 
domain receptors is outlined on page 40, line 26 to page 41, line 14. In this regard the skilled 
person may elect to use a commercial library comprising a large number of candidate (antibody) 
compounds for evaluation of binding to a receptor according to the in vitro screening method of 
the present invention. The inventors of this application have raised antibodies against several parts 
of the Vpsl Op-domain receptors. The present invention is directed to antibodies against the 
unifying feature of this receptor family - the Vpsl Op domain. The below sequence alignment of the 
Vpsl Op-domain demonstrate the conservation within this receptor family. 
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Generic use of an antibody to inhibit binding of a ligand 

An antibody binds tightly to a particular target molecule, thereby either inactivating it directly or 
nnarking it for destruction. The antibody recognizes its target (antigen) with remarkable specificity 
and strength dictated by the sum of many chemical forces, including hydrogen bonds, hydrophobic 
and van der Waal's forces, as well as ionic interactions. In general, the more complex the target is 
chemically, the more immunogenic it will be. The antigenic determinant may encompass short 
linear amino acid stretches or a more complicated, three-dimensional protein module. 

Conceptually, antibodies directed against a target receptor may inhibit ligand binding in two ways: 
competitive or allosteric. Competitive inhibition involves the direct binding of the antibody to or 
near the ligand binding site on the receptor, thereby displacing the ligand from its receptor or 
sterically inhibiting the approach of the ligand to the ligand binding site. Allosteric inhibition 
involves the binding of the antibody to a site on the receptor polypeptide that is distinct from the 
ligand binding epitope. However, binding to this site will induce a conformational change in the 
overall structure of the receptor that makes it more difficult or even impossible for the ligand to 
bind to its cognate recognition site. 
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Currently known antibodies against members of the Vps1 Op-domain receptor family 



Receptor 


Name 


Antigen 


Species 


Western 


IH/IC 


Ref. 


SorLA 


SORLA goat 


extracellular 
domain 


goat 


X 


X 


Schmidt et. al., 
J.Biol.Chem. 
282:32956-67, 
2007 




Hale SORLA 


Cytoplasmic 
domain 


rabbit 


X 








SORLA LA 


Complement 
type repeat 


rabbit 


X 








Sol SORLA 


extracellular 
domain 


rabbit 


X 


X 


Andersen et al., 
PNAS 

103:13461-6, 
2005 




SORLA tail 


Cytoplasmic 
domain 


rabbit 


X 








SORLA VPS 


VPSlOp 
domain 


rabbit 


X 








#606870 


Peptide seq. 
in Vpsl Op- 
domain 


rabbit 


X 








#642739 


C-terminal 


rabbit 


X 








#643739 


Cytoplasmic 
tail 


rabbit 


X 








20C11 


Extracellular 

domain 


mouse 


X 


X 






AG4 


Extracellular 
domain 


mouse 


X 






Sortilin 


#5264 


Extracellular 
domain 


rabbit 


X 


X 


Munck Petersen 
et al, EMBO J. 
18 :595-604, 
1999 




#5448 


Cytoplasmic 
domain 


rabbit 


X 


X 


Jansen et al, 

Nature 

Neurosci. 

10 : 1449-1457, 

2007 




#5287 


Cytoplasmic 
domain 


rabbit 


X 








CP 96 334 
SR 96 204 


propeptide 


Rabbit 


X 




Munck Petersen 
et al, EMBO J. 
18 :595-604, 
1999 




#5438 


Vpsl Op 


rabbit 


X 
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Sortilin goat 
/Laika 


Extracellular 
domain 


goat 


X 








F9 


Extracellular 
domain 


mouse 


X 


X 






Fll 


Extracellular 
domain 


mouse 


X 


X 






AF2934 


Extracellular 
domain 


goat 


X 


X 


R&D Systems, 

Jansen et al. 

Nature 

Neurosci. 

10:1449-1457, 

2007 




AF3154 


Extracellular 
domain 


goat 


X 


X 


R&D Systems; 

Jansen et al. 

Nature 

Neurosci. 

10:1449-1457, 

2007 




anti-NTR3 


Extracellular 
domain 


mouse 


X 


X 


BD 

Transduction 
Laboratories, 




ANT-009 


Extracellular 
domain 


mouse 


X 


X 


Alomone Labs ; 
Nykjaer et al, 
Nature427 :843- 
848, 2004 


SorCSl 


AF3457 


Extracellular 
domain 


goat 


X 


X 


BD 

Transduction 
Laboratories 




SorCSl goat 


Extracellular 
domain 


goat 


X 








L-SorCSl 


Extracellular 
domain 


rabbit 


X 


X 


Hermey et al, 
J.BioLChem. 
279:50221- 
50229, 2003 




Leu-SorCSl 


Leucine-rich 
domain 


rabbit 


X 


X 


Hermey et al, 
J.Biol.Chem. 

279:50221- 
50229, 2003 




#5466 


Extracellular 
domain 


rabbit 


X 


X 






1 r> 


Extracellular 
domain 


mouse 


Y 

A 








4H 


Extracellular 
domain 


mouse 


X 








6B 


Extracellular 
domain 


mouse 


X 
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4A 


Extracellular 
domain 


mouse 


X 






SorCS2 


AF4237 
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Anti-SorLA (sol SorLA) inununhistochemistry of the neocortex from a wild-type mouse (left, 
+/+) and a sorLA knockout mouse (right, -/-). The inset depict a western blot of brain extracts of 
the respective genotypes. 



5 




Anti-Sortilin (#5448) immunhistochemistry of the neocortex from a wild-type mouse (left, +/+) 
and a sortilin knockout mouse (right, -/-). Inset shows a western blot of superior cervical ganglia 
extracts using the same antibody. 
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Wild-lype sortih'n 7- 




Procedures for making antibodies 

Polyclonal and monoclonal antibodies directed against a specific antigen, or epitope of an antigen, 
can be produced according to standard procedures (see e.g. Antibodies - A laboratory Manual by 
Ed Harlow and David Lane, Cold Spring Harbor Laboratory 1998, ISBN 0-87969-314-2). The 
procedure for subsequent generation of humanized antibodies or fragments thereof has also been 
described (e.g. A. M. Scott et al. Cancer Research 60:3254-3261, 2000; A. Nissim and Y. 
Chernajovsky, Handb. Exp. Pharmacol. 181:3-18, 2008; A. Mountain and J. R. Adair, Biotechnol. 
Genet. Eng. Rev. 10:1-142, 1992). 

General expectations of success in making antibodies 

It is possible to generate antibodies against any peptide motif of choice using short synthetic 
oligopeptides that encompass the desired target epitope. Therefore, it is guaranteed that antibodies 
against ligand binding sites on receptors can be generated. Whether or not individual antibody 
species have the potential to inhibit ligand binding simply depends on the fact that the affinity of 
the immunoglobulin for the receptor exceeds that of the ligand. In the end, it is a matter of 
screening the inhibitory potential of a number of individual antibodies to find one with the desired 
properties. 

Screening assays for inhibitory antibodies are common knowledge and typically involve a 
competitive enzyme linked immunosorbent assay (ELISA). In detail, the recombinant receptor or a 
fragment encompassing its ligand binding motif are immobilized in replicate wells of microtiter 
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plates. Subsequently, the wells are incubated with a solution containing the ligand. Binding of the 
ligand to the imnnobilized receptor is confirmed using an antibody that recognizes the ligand and 
that is coupled with a color dye reaction. Binding of the ligand to the receptor is tested in the 
presence of various antibodies to identify those immunoglobulin species that block ligand binding 
to the receptor and hence prevent color reaction in the respective microliter plate well. 

Successful clinical use of antibodies 

A number of therapeutic antibodies are in clinical use. Examples include Genentech's Rituxan, an 
antibody directed against the CD20 receptor (used in rheumatoid arthritis), Johnson & Johnson's 
Remicade, an antibody directed against TNF alpha receptor (in Psoriasis), Roche's Avastin, an anti- 
VEGF antibody used for treatment of colorectal and lung cancer, as well as Herceptin, an antibody 
against the receptor HRE2 used in breast cancer therapy. 

Assessing binding to a receptor is routine work for the person skilled in the biotechnical field. In 
this regard it has to be mentioned that pro-neurotrophins as well as the VpslOp-domain receptor 
family were known at the priority date of this invention and binding assays involving for example 
pro-neurotrophins has been mentioned in the prior art, for example in the article by Lee et al. 
mentioned above. 

Furthermore, at page 41, line 31 to page 42, line 5 assays that can be used for measuring the 
binding of a pro-neurotrophin to a receptor of the Vpsl Op-domain receptor family are disclosed. In 
addition thereto, figure legends to Figures 2-6 describe how the binding to Sortilin is measured. 

In summary, the present application discloses clear instructions of how to define the antibody 
agents, since the skilled person is able to apply an antibody to a binding assay specified in the 
patent description and test whether it inhibits binding of a neurotrophin to a VpslOp-domain 
receptor or not without employing any inventive skills. 

Accordingly, a person skilled in the art is able to determine that the agents defined by the present 
invention may have an effect corresponding to the effect of a neurotrophin when used as a 
medicament, as stated at page 32, lines 29-30 of the patent description: "...to promote the survival 
or growth of neurons, or in whatever conditions are treatable with NGF, NT-3, BDNF, or NT-4/5", 



19 



P700US00 



due to the combined knowledge of the prior art and the finding presented in the present application 
that the VpslOp-donnain receptor family is the main receptor for proneurotrophins. 



8. On page 12 of the communication, Examiner cites a section of a paper by Pardridge as evidence 
of that administration of that large molecule drugs do not cross the blood brain barrier (BBB). 
While it is true that most large, water soluble molecules do not cross an undisrupted BBB, there are 
indeed examples of the opposite in the art such as paper by ^^Friden et al., entitled "Anti4ransferrin 
receptor antibody and antibody-drug conjugates cross the blood-brain barrier*. 

Examiner furthermore falls to recognise that agents of the present invention are not administered to 
healthy individuals but to individuals in need of treatment of injury and/or dysfunction of the 
central and/or peripheral nervous system. It is well known in the art that during disease, the blood- 
brain barrier is leaky and thus allows passage of endogenous or exogenous molecules including 
anti-bodies. 

One example of a disease state when sortilin antibodies would be applied to the CNS is in a state 
of acute distress such as stroke when the blood brain barrier is leaky. The following scientific 
journal articles describe breakdown of the BBB during disease states such as cerebral ischemia, 
stroke, multiple sclerosis, Alzheimer's disease and other indications treatable by agents of the 
present invention. The papers also describe states wherein the BBB is permeable and Indicate the 
ability to deliver immunoglobulins to the brain In diseases addressed by the inventors of the present 
patent application. 

^^Rubin and Staddon on page 23 last three lines disclose that disruption of the BBB can be a 
relatively major part of the pathology following cerebral ischemia. On page 24, last line, the 
authors state that "...the hallmark of the BBB is its permeability, but we have already seen instances 
in which this feature is violated." 



^« Friden et al. , in PNAS (1991) 88(11): 4771-4775 
Rubin and Staddon (1999) Annu. Rev. Neurosci. 22:11-28 
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^^Arshavsky on page 1697 in line 9-1 1 of the summary states that "Evidence emerging from recent 
literature indicates that AD may have an autoimmune nature associated with BBB impairments" 
which in other words mean that the BBB is permeable to immunoglobulins. Page 1698, left 
column, last paragraph states that "The growing bulk of evidence suggests that the development of 
AD might be related with impairments of the barrier function of the BBB..." and "It has been shown 
that among these effects the cardiovascular factors leading to AD is the interruption of the BBB." 

On the same page, right column, last paragraph, last three lines, continuing on the next page 1699 
it is stated that "The memory impairments in [..] mice developed around the age of 6-10 months, 
when the BBB was severely damaged but the plaques were not formed. All these results suggest 
that AD neuron pathology and memory deficit resulting from the mutation of the APP gene may be 
more closely related to a faulty BBB than to accumulation of Ap in the brain." 

On page 1699, left column it is further stated that "These findings, as well as results obtained on 
transgenic mice led some investigators to the suggestion that the primary cause for onset of AD 
(caused both cardiovascular disorders and genetic factors) is cerebral vascular pathology leading to 
the impairment of the barrier function of the BBB." 

On page 1 700 left column, second paragraph: " This concept is based on the results obtained in 
postmortem immunostaining studies of AD brains and "control" brains taken from individuals of a 
similar age. These studies have revealed significant penetration of blood proteins, including Igs, 
into the brain parenchyma of AD patients. [..] Strong immunostaining by the anti-immunoglobulin 
serum was observed in those cortical areas that contained numerous amyloid plaques, whereas 
only minor staining was observed in the areas where few plaques were found." Finally on page 
1 701, first and second line of the conclusion: "Recent findings strongly suggest that AD is an 
autoimmune disease resulting from a breakdown of the BBB...". 

^^De Boer and Gaillard in the abstract of their paper state that "Many (brain) diseases change the 
functionality and integrity of the BBB. Mostly this results in increased BBB permeability, [..] Many 
diseases with an inflammatory component like multiple sclerosis, meningitis, encephalitis, ischemic 



2« Arshavsky (2006) J Neural Transm 113:1 697-1 707 
De Boer and Gaillard (2006) J Neural Transm 113: 455-462 
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stroke, head trauma, neurodegenerative diseases like Parkinson's and Alzheimer, AIDS-related 
dementia, change the functionality and/or integrity of the BBB and thus brain homeostasis." 

The authors continue on page 457, right hand column, last paragraph by stating that "Increased 
BBB permeability for blood compounds has been observed under the influence of diseases, like 
multiple sclerosis [..], Alzheimer [..], AIDS-related dementia [..], encephalitis and meningitis [..], 
high blood pressure, seizures and by psychiatric disease. 

In ^^Deli et al (2005), on page 83 under "Pathology" it is stated that the BBB permeability play a 
crucial role in brain edema formation and central nervous system injuries during human diseases, 
such as stroke, cerebral hypoxia-reoxygenation, head injuries, neurodegenerative diseases, and 
neurological infections including bacterial and viral meningitis, encephalitis, or HIV-1 infection. On 
page 84 it further stated that the mentioned models of BBB pathology may offer a suitable tool for 
testing efficacy and brain penetration of new drugs and it is also described that brain ischemia 
resulting e.g. from stroke, changes BBB permeability. 

In "Ballabh et al (2004) on page 7, top of left column under "Opening of the BBB in 
pathophysiology" it is stated that during pathological conditions, the permeability of the BBB 
increases. On page 8, left column it is stated that hypoxia-ischemia sets in motion a series of events, 
which leads to disruption of Tj (tight junctions) and increases BBB permeability. On the very same 
page in the right column under "Break down of BBB in sepatic encephalopathy" it is declared that 
inflammation of the brain increases permeability of the BBB. On page 9, bottom left column it is 
disclosed that the BBB is leaky also in Alzheimer's disease, Parkinson's disease and in viral 
infection. 

In ^"^Neuwelt (2004) on page 136, right column it is disclosed that in multiple sclerosis, increased 
BBB permeability is an early event. On page 137, left column of the same paper it is disclosed that 
the BBB is disrupted as a consequence of stroke. 



" Deli etal (2005) Cell and Mol Neurobiol 25(1): 59-127 
" Ballabh et al (2004) Neurobiology of Disease 16:1-13 
2^ Neuwelt (2004) Neurosurgury 54: 131-142 
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The papers by Rubin and Staddon, Arshavsky et aL, De Boer and Gaillard, Deli, Ballabh et al. and 
Neuwelt, all disclose that the blood brain barrier is leaky during conditions such as e.g. stroke and 
ischemia, Alzheimer's disease and Parkinson's disease which are indications to be treated by 
administering agents of the present invention. 

Thus, in conclusion there is overwhelming evidence in the art, both prior and subsequent to the 
priority date of the present patent application, of permeability of the blood-brain barrier, in 
particular during disease stages, including permeability to macromolecules such as 
immunoglobulins which are agents of the present invention. 
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/ hereby declare that all statemer)ts made herem of my own kriowledge are true ar)d that all 
statements made on information and belief are believed to be true; and further that these 

statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 Title 18 of the United States Code, and that such willful false statements may jeopardize the 
validity of the application or any patent issuing thereon. 

SIGNATURE: 




Prof. Dr. Thomas E. Willnow, PhD 



March 11,2008 



Date 
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1. Introduction 

Neurotrophins represent a family of survival and differ- 
entiation factors that exert profound effects in the central 
and peripheral nervous systems (Levi-Montalcini, 1987; 
Barde, 1989; Thoenen, 1995). Nerve growth factor (NGF), 
brain derived neurotrophic factor (BDNF), neurotrophin-3 
(NT-3), and neurotrophin-4/5 (NT-4) associate as non-co- 
valent homodimers in a biologically active form. These 
target-derived trophic factors are active on distinct sets of 
embryonic neurons, whose dependence is restricted in 
duration during development (Davies, 1994). Neu- 
rotrophins have been proposed as therapeutic agents for 
the treatment of neurodegenerative disorders and nerve 
injury, either individually or in combination with other 
trophic factors, such as ciliary neurotrophic factor (CNTF), 
insulin-like growth factor and fibroblast growth factor 
(Lindsay et al., 1994; Nishi, 1994). Recent clinical efforts 
have met with disappointing results. Improvements in 
overcoming difficulties of delivery and pharmacokinetics 
in the central nervous system will provide more impetus 
for the application of neurotrophins for neurodegenerative 
diseases. An understanding of the mechanisms of neu- 
rotrophin action will provide insights into the use of this 
proteins therapeutically. 

Responsiveness of neurons to neurotrophins is governed 
by the expression of two classes of cell surface receptors 
(Chao, 1992a). For NGF, they are pTS^"^^ (p75) and the 
TrkA receptor tyrosine kinase. Three vertebrate trk recep- 
tor genes have been isolated, including numerous variants 
of trk structure (Barbacid, 1994). The related TrkB recep- 



* Corresponding author. Tel.: +1-212-263-0761; fax: +1-212-263- 
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tor tyrosine kinase binds both BDNF and NT-4, the most 
closely related neurotrophins from phylogenetic analysis, 
while TrkC receptor binds only NT-3. NT-3 can also bind 
to the TrkA receptor. The p75 receptor binds to all neu- 
rotrophins with similar affinities, but different kinetics 
(Rodriguez-Tebar et al., 1992). Hence, the neurotrophins 
can engage two separate receptors, which can act indepen- 
dently, or interact with each other. 

The mechanism of action of neurotrophins has provided 
a challenging and formidable problem in signal transduc- 
tion. In addition to promoting cell differentiation and 
survival, neurotrophins can induce cell death under certain 
conditions. Several mechanisms have been proposed to 
explain how NGF might act as a trophic factor and as a 
cell killer (Casaccia-Bonnefil et al, 1998). The survival 
and cell death properties of the receptors are dependent 
upon the relative ratio of receptors and the duration of the 
signalling events. Here we provide evidence that neu- 
rotrophin receptors exist as preformed multi-subunit com- 
plexes. Such complex formation by transmembrane recep- 
tors is likely to dictate biological responsiveness to neu- 
rotrophins. 



2. Neurotrophin structure 

Neurotrophins are produced as precursor proteins, which 
are cleaved at dibasic amino acids to form a mature form 
of 118-120 amino acids (Angeletti and Bradshaw, 1971; 
Leibrock et al., 1989; Maisonpierre et al., 1990). The 
X-ray crystal structure of NGF has been solved and pro- 
vides a structural mode! for this family (McDonald et al., 
1991). The conservation of structural features indicates 
that the neurotrophins will adopt similar conformations to 
that of NGF. 



0031-6865/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
PII: 80031-6865(99)00036-9 
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The dimeric NGF possesses a novel tertiary fold that 
results in a flat asymmetric molecule with dimensions of 
60 A by 25 A by 30 A (McDonald et al., 1991). Each NGF 
subunit is characterized by two pairs of anti-parallel P- 
strands that contribute to the molecule's flat, elongated 
shape. These |5-strands are connected at one end of the 
neurotrophin by three short loops. These loops are known 
to be highly flexible and represent the regions in the 
neurotrophin structure where many amino acid differences 
exist between the neurotrophins. 

The three disulfide bridges in each neurotrophin are 
clustered at the one end of molecule and provides rigidity 
to the structure. The arrangement of the disulfide linkages 
is unusual. The disulfide bridges and their connecting 
residues form a ring structure and a tightly packed cystine 
knot motif (McDonald and Hendrickson, 1993). This cys- 
tine knot allows the two pairs of P-strands fi'om each 
neurotrophin to pack against each other, generating an 
extensive subunit interface. The interface has a largely 
hydrophobic character comprised primarily of aromatic 
residues, consistent with the tight association constant 
(10'^ M) measured for NGF. The NGF tertiary fold and 
"cystine knot" motif have been identified in structures of 
transforming growth factor p (TGF-p), platelet-derived 
growth factor (PDGF) and more recently in human chori- 
onic gonadotrophin (McDonald and Hendrickson, 1993). 
Members of this diverse structural superfamily of ligands 
typically form homo- or hetero-dimeric species. 

The structural features of the neurotrophin family, in 
particular the dimer interface, are highly conserved, as 
evidenced in the ability of these members to form dimers 



in vitro (Arakawa et al., 1994; Jungbluth et al, 1994; 
Radziewjewski and Robinson, 1993). These heterodimeric 
proteins give functional activity in many cases, indicating 
there is overall compatibility of these structures. 



3. Neurotrophin receptors 

The neurotrophins are unusual among polypeptide 
growth factors in that two different transmembrane pro- 
teins serve as receptors for each neurotrophin. The struc- 
tural features of Trk tyrosine kinases and the p75 
neurotrophin receptor are displayed in Fig. 1. The Trk 
subfamily of receptor tyrosine kinases is distinguished by 
immunoglobulin-C2 domains and repeats rich in leucine 
and cysteine residues in the extracellular domain and a 
tyrosine kinase domain with a small interruption and a 
short cytoplasmic tail. 

The p75 receptor contains four negatively charged cys- 
teine-rich extracellular repeats, and a unique cytoplasmic 
domain which is highly conserved among species. There 
are no sequence similarities between the Trk and p75 
receptors, in either ligand binding or cytoplasmic domains. 
The p75 receptor is the founding member of a superfamily 
of receptors, exemplified by tumor necrosis factor (TNF) 
and the Fas receptor (Smith et al, 1994). The TNF family 
of receptors is defined by canonical cysteine-rich domains 
in the extracellular region. Each cysteine-rich domain folds 
independently and is stabilized by extensive intrachain 
disulfide bonding. Other members include the lymphoid 



Trk receptor 



p75 receptor 





Ceramide 



/ \ 



Fig. I, Transmembrane receptors for NGF. Whereas the TrkA receptor is a member of tyrosine kinase family of receptor, the p75 neurotrophin receptor 
belongs to the TNF superfamily of receptors. A schematic representation of the TrkA and the p75 neurotrophin receptor is shown, together with their 
substrates and adaptor proteins Trk adaptor proteins include FRS II (Kouhara et al., 1997) and SH2B (Qian et al., 1998). Signal transduction by the 
neurotrophins involves recruitment of enzymatic activities, such as phosphatidylinositol 3' kinase (PI3-10 and phospholipase C-y for TrkA (Kaplan and 
Stephens, 1994) and TRAF6 for p75 (Khursigara et al., 1999). 
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cell-specific receptor CD30, CD40, CD27, and other di- 
verse members, such as DR-3, DR-4, CAR-1 and GITR 
(Smith et al., 1994; Brojatsch et al., 1996; Chinnaiyan et 
aL, 1996; Montgomery et al, 1996; Pan et al, 1997). All 
of these transmembrane proteins share in their extracellular 
domains a cysteine motif that spans 40 amino acids and is 
repeated two to six times. 

Each class of receptors undergoes ligand-induced 
dimerization (Grob et al., 1985; Jing et al, 1992) that 
activates multiple signal transduction pathways. Neu- 
rotrophin binding to Trk family members produces biologi- 
cal responses through activation of the tyrosine kinase 
domain resulting in a rapid increase in the phosphorylation 
of selected effector enzymes, such as phospholipase C-7 
and phosphatidylinositol 3'-kinase, PI3-K (Fig. 1). In- 
creased ras activity, a common signal from all tyrosine 
kinase receptors, results from the stimulation of guanine 
nucleotide exchange factors coupled to SHC adaptor pro- 
teins which directly interact with Trk after ligand binding 
(Kaplan and Stephens, 1994). The p75 receptor signals via 
pathways involved with activation of sphingomyelinase 
activities (Dobrowsky et al., 1994), NFkB (Carter et al., 
1996) and c-jun N-terminal Kinase, JNK (Casaccia-Bon- 
nefil et al., 1996). More crucially, expression of p75 
modulates Trk signalling activity at low concentration of 
neurotrophins (Barker and Shooter, 1994; Hantzopoulos et 
al., 1994; Verdi et al., 1994). 

The substrates for neurotrophin Trk receptors-phos- 
pholipase C-^, PI3-K SHC and Grb2 adaptor proteins-are 
utilized by many tyrosine kinase receptors. This raises the 
question of how these phosphorylation events lead to 
different biological outcomes (Chao, 1992b). There are 
several possibilities. First, the strength and duration of the 
receptor autophosphorylation events may determine down- 
stream signalling outcomes. Second, differential signalling 
may be controlled by specific dephosphorylation events. 
Third, there may be unique second messengers or sub- 
strates which determine the specific nature of the response. 

For neurotrophin factors, the timing of signalling has 
provided an important criteria for differential signalling. In 
PC 12 cells, NGF induces a prolonged activation of Ras 
and MAP kinase activity, lasting for several hours, while 
EGF-mediated MAP kinase activation is transient in nature 
(Qui and Green, 1991, 1992). The duration signalling is 
one of the major differences that accounts for the differen- 
tiation program elicited by NGF vs. the action of other 
mitogenic growth factors, such as EGF. However, the 
magnitude of receptor signalling is not sufficient. Ligand- 
dependent autophosphorylation of the EGF receptor is 
higher than that of the TrkA NGF receptor in PC 12 cells 
(Berg et al., 1992). Since EGF does not elicit neuronal 
differentiation as NGF, the level of receptor activation 
cannot solely account for the difference in trophic factor 
action. 

Another mechanism is the recruitment of receptor sub- 
strates such as docking or adaptor proteins. FRS-2/SNT is 



an highly phosphorylated protein that contains an NHj- 
terminal myristylation site, a phophotyrosine binding (PTB) 
domain and binding sites for SH2 and SH3 containing 
proteins (Kouhara et al., 1997). Other adaptor protein, 
SH2-B/rAPS, bind to Grb2 and promotes NGF-dependent 
activation of Ras and MAP kinases. These proteins interact 
with the catalytic domain of the TrkA receptor (Qian et al., 
1998) and mediate signalling in a variety of neuronal 
populations. The large number of adaptor proteins that 
associate with Trk receptors suggest that there are muhiple 
pathways for signal transduction. 



4. Binding properties of Trk and p75 receptors 

Two classes of NGF binding sites exist on the surface 
of responsive neurons (Sutter et al., 1979). These sites 
differ 100-fold in equilibrium binding constants, which can 
be further distinguished by the rates of ligand association 
and dissociation. The proteins responsible for the high 
affinity NGF binding site were a subject of considerable 
debate, since a small percentage of high affinity sites were 
detected for the TrkA receptor (Jing et al, 1992). 

However, both p75 and TrkA receptors have been 
shown to contribute to the high affinity NGF binding site. 
Whereas p75 displays fast rates of association and dissoci- 
ation with NGF, TrkA interacts with much slower on- and 
off-rates (Mahadeo et al,, 1994). Due to its unusually slow 
on-rate, NGF binding to TrkA results in a relative low 
affinity of 10"^-10"**^ M. A similar affinity has been 
determined for BDNF binding to TrkB receptors (Dechant 
et al., 1993). These affinities are lower than the high 
affinity binding site, A'j = 10"** M, measured in sensory 
neurons (Dechant et al, 1993; Sutter et al., 1979). When 
TrkA and p75 receptors are co-expressed, the on-rate is 
accelerated 2S-fold, creating a new kinetic site whose 
features are consistent with the high affinity NGF binding 
site iK^ = 10"^^ M). This site requires an excess ratio of 
p75 to TrkA (Chao, 1994). Hence, one fimction of the p75 
receptor is to increase the binding affinity of NGF for 
TrkA. 

It is therefore not correct to refer to p75 and Trk 
receptors as low and high affinity receptors, since TrkA 
and TrkB displayed predominantly low affinity values 
(Hempstead et al, 1991; Dechant et al, 1993) and p75 
receptors can exist in a high affinity state (Dechant and 
Barde, 1997). It is more correct to use the terms high and 
low affinity to refer to binding sites. 

Other receptor systems exhibit similar behavior. At 
least two functional receptor subunits for IL-2, IL-6, and 
CNTF are required for high affinity ligand binding, with 
each subunit independently binding the ligand with a lower 
affinity. A difference of nearly a 100-fold in the equilib- 
rium binding constants can be contributed by the existence 
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of a multisubimit receptor system (Nicola and Metcalf, 
1992; Mahadeo et al, 1994). 

After binding neurotrophins, the ligand-receptor com- 
plex is internalized and retrogradely transported in the 
axon to the cell body (Distefano et al., 1992). Both Trk 
and p75 receptors play a role in the retrograde transport of 
neurotrophins. For example, in the isthmo-optic nucleus, 
BDNF is taken up at the axon terminal and transported to 
the cell body by both p75 and TrkB receptors (von Bartheld 
etal., 1995). 

Neurotrophin binding to Trk receptors requires the two 
extracellular immunoglobulin (Ig)-like domains, which may 
also be necessary for dimerization (Perez et al., 1995; 
Urfer et al., 1995). The identification of an immuno- 
globulin-like domain for neurotrophin binding is a recur- 
rent theme for ligand-receptor signalling by receptor tyro- 
sine kinase, such as FGF and c-kit receptors. Besides the 
IgC2-like domains, the region between the transmembrane 
and the Ig domain nearest to the membrane may be also 
critical to binding of neurotrophins (McDonald and Meakin, 
1996). The localization of neurotrophin binding sites on 
their receptors will ultimately lead to the generation of 
small molecule agonists. 



5. Interactions between Trk and p75 receptors 

The ratio of p75 and Trk receptors dictates responsive- 
ness to individual neurotrophins and their respective equi- 
librium binding properties (Benedetti et al., 1993; Wyatt 
and Davies, 1993; Verdi et al., 1994). The properties 
exhibited by neurotrophins for Trk tyrosine kinase recep- 
tors result in different consequences in the presence of 
p75, or other Trk isoforms. 

Direct interactions between p75 and Trk receptors have 
been difficult to document biochemically. However, im- 
munoprecipitation experiments carried out in crosslinked 
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spinal cord and brain tissues with I-NGF suggest that an 
association between the TrkA and p75 may take place 
(Huber and Chao, 1995). Photobleaching experiments fol- 
lowing a fluorescently tagged p75 receptor have also re- 
vealed a potential physical interaction with TrkA receptors 
(Wolf et al., 1995). 

Based upon these previous experiments, it is conceiv- 
able that the two receptors exist as part of a complex. The 
relative low abimdance of the receptors found in most cells 
has made this difScuh to assess. To test these possibility, 
TrkA and p75 receptor cDNAs have been transfected in 
human embryonic kidney 293T cells, subjected to 
immunoprecipitation with anti-Trk antibodies, followed by 
immunoblot analysis. After high level expression of the 
receptors in 293T cells, an association between the two 
receptors could be easily observed (Fig. 2). The results 
with p75 and TrkA receptors have also been detected using 
other cell expression systems and epitope-tagged versions 
of the receptors (Gargano et al., 1997; Bibel et al., 1999). 
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Fig. 2. TrkA associates with p75 receptor in 293T cells. 293T cells 
(-1X10^) were co-transfected with p75^^ and either TrkA or empty 
vector. 36 h after transfection, the cells were harvested into TNE buffer 
[10 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 1% NP40]. The 
lysates were immimoprecipitated with anti-pan Trk antibody (CI 4, Santa 
Cruz) which recognizes the C-terminus of Trk and subsequently subjected 
to Western blot analysis with an anti-p75^*^ antiserum (9992), or 
anti-pan Trk antiserum. The amount of p7S protein for each transfection 
is assayed in the bottom panel. The protein visualized in both lanes of the 
top panel reflects reactivity of the heavy chain of IgG. 



In addition to binding, signal transduction by TrkA can 
be influenced by p75 (Berg et al, 1991; Hantzopoulos et 
al., 1994; Verdi et al., 1994). Cell culture experiments 
indicate that p75 is capable of enhancing TrkA autophos- 
phorylation (Barker and Shooter, 1994; Verdi et al., 1994). 
A potential function of the p75 receptor may be to increase 
the effective concentration of neurotrophin at the cell 
surface in order to enhance trkA binding. This is consistent 
with the limited amounts of neurotrophin available to 
competing neurons during development. Another model is 
that an altered conformation of Trk may be formed in the 
presence of p75 which facilitates ligand binding and subse- 
quent signalling functions (Mahadeo et al., 1994). 

An unexpected property that has emerged is that neu- 
rotrophins can, under certain circumstances, promote apop- 
totic cell death, in addition to a survival function (Casac- 
cia-Bonnefil et al, 1996; Frade et al, 1996; Bamji et al,, 
1998). The similarity in the intracellular domains of the 
p75 with other family members, such as the Fas antigen 
and the p55 TNF receptor (Liepinsh et al., 1997), sug- 
gested that p75 might function as a cell death molecule. 
The Fas and TNF receptor share significant homology 
within their intracellular domains — an 80 amino acid 
region called the death domain which has been shown to 
be required for the apoptosis-promoting activities of Fas 



H. Yam, M.V. Chao / Pharmaceutica Acta Helvetiae 74 (2000) 253-260 



257 



and TNF receptors. The death domain is a novel protein- 
protein association motif found in several pro-apoptotic 
proteins (Feinstein et al, 1995). 

The first report of a cell death activity for p75 was 
made in immortalized cerebellar neuronal cell lines 
(Rabizadeh et aL, 1993). There are only a few examples in 
which neurotrophins have been directly shown to be re- 
sponsible for apoptotic cell death. Many cell types express 
p75, but do not undergo apoptosis as a result of neu- 
rotrophin treatment. This suggests that cell context and 
history are important determinants and that p75 alone is 
not sufficient for this activity. The effect of p75 on cell 
death is highly dependent on the developmental stage of 
the cells and by their differentiative state in culture (Casac- 
cia-Bonnefil et al, 1998). 

Apoptosis mediated by p75 requires specific conditions, 
with regard to cell type, cell cycle stage, developmental 
stage, injury or stress. This could be due to time in culture, 
metabolic impairment, hypoxia, or other types of ''stress" 
signals, such as nerve injury or trauma (Gu et al., 1999). 
Sensitive cells may be highly susceptible to injury and 
inflammation and may become more reactive to released 
growth factors and cytokines by upregulating receptor 
expression at the site of injury. 



An important consequence is that Trk tyrosine kinase 
receptors can negate the signalling properties of p75, with 
respect to programmed cell death activities (Yoon et al., 
1998), When both NGF receptors are co-expressed, as in 
the case of PC 12 cells, TrkA exerts a suppressive effect 
upon p75, as assayed by ceramide production (Dobrowsky 
et al, 1995). Introduction of TrkA receptors into oligoden- 
drocyte susceptible to cell death through p75 activation 
resulted in a reduction in JNK activation and NGF-induced 
apoptosis (Yoon et aL, 1998). In the absence of TrkA 
expression, binding of NGF to p75 receptors can increase 
intracellular ceramide levels through increased sphingo- 
myelin hydrolysis. Therefore, TrkA signalling can selec- 
tively down-regulate responses elicited fl*om p75 activa- 
tion. It should be emphasized that p75 co-expression is 
ordinarily associated with the ability to enhance NGF 
binding to TrkA (Hempstead et al., 1991; Barker and 
Shooter, 1994; Mahadeo et al., 1994). 

To address the state of endogenous TrkA and p75 
receptors in PC 12 cells, co-immunoprecipitation experi- 
ments have been carried out in PC 12 cells. A subline of 
PCI 2 (615) cells that expressed higher levels of TrkA 
receptors (Hempstead et al,, 1992) was employed. The 
PC12 615 cell line was subjected to NGF treatment for 10 
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Fig. 3. Association of TrkA receptor with p75 in PC 1 2 cells. TrkA-overexpressing PC 12 (615) cells were treated with or without NGF (50 ng/ml, 10 min) 
and then harvested in TNE buffer. Cell lysates (18 mg of protein) were immunoprecipitated with either anti-pan Trk IgG or normal IgG as a negative 
control (as described - or - on top of the panel). The resulting immunocomplexes were analyzed by immunoblotting with anti-p75^^ antiserum (9992). 
The immunoprecipitation of TrkA was confirmed by immunoblotting of a portion of the immunocomplex with anti-pan Trk serum and reprobed with 
anti-phosphotyrosine antibody (pY99, Santa Cruz). The amount of p75 protein in each lysate was analyzed by western blot analysis on the two rightmost 
lanes of the top panel. 
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min and lysates were prepared. Interestingly, an associa- 
tion between the two receptors could be detected without 
NGF treatment. After addition of NGF, a similar interac- 
tion between the two receptors could be observed (Fig. 3). 
These results suggest a preformed complex of neu- 
rotrophin receptors exists at the cell membrane. A direct 
interaction between the two receptors has been difficult to 
observe. Recent studies indicate that both extracellular and 
intracellular domains of p75 and Trk receptors may be 
responsible for the co-immunoprecipitation results 
(Gargano et al, 1997; Bibel et al., 1999). These observa- 
tions may be explained by additional cytoplasmic proteins 
that mediate the association of neurotrophin receptors. 

There are several ways to account for an association 
between receptors. For the Trk receptors, SH2-containing 
proteins serve as adaptor molecules that link to enzymatic 
functions. For p75 receptors, signalling intermediates used 
by TNF and Fas receptors, such as FADD and TRADD 
proteins, downstream effectors, such as caspase-8 and the 
FLICE/MACH interacting enzyme (Cleveland and Ihle, 
1995) may be functional. It remains to be seen whether 
p75 utilize these adaptor proteins, or other interacting 
proteins of different specificity. 

A family of cytokine associated signaling intermediates, 
the TNF receptor-associated factors (TRAFs), have been 
described. Originally discovered as molecules associated 
with the p75 TNF receptor (Rothe et al., 1994), TRAF 
proteins represent a family of molecules that signal through 
activation of JNK and NFkB activities. Moreover, these 
proteins have been found to be associated with receptors 
required for different biological activities. These receptors 
include CD30, CD40, and lymphotoxin p (Gedrich et al, 
1996; Nakano et al., 1996; Rothe et al, 1995) and the p55 
TNF receptor (Hsu et al., 1996). 

TRAF6 has been found to bind to p75 receptors and to 
modulate NFkB responses in Schwaim cells (Khursigara 
et al., 1999). The TRAF6 protein contains several 
protein-protein binding motifs, such as a RING finger and 
TRAF domain, that may be instrumental in linking the p75 
receptor to other cell surface proteins. Another protein that 
may be involved in linking Trk receptors with the p75 
receptor is caveolin-1 (Bilderback et al., 1999). Caveolin-1 
is localized to invaginations in the plasma membrane 
which are frequently sites where signaling molecules are 
found. A mutual interaction of caveolin-1 protein with an 
NGF/p75/TrkA complex may target neurotrophin re- 
sponses locally in specialized membrane domains. 

6. Summary 

Although ligand-induced dimerization or oligomeriza- 
tion of receptors is a well established mechanism of growth 
factor signaling, increasing evidence indicates that biologi- 
cal responses are often mediated by receptor trans-signal- 
ing mechanisms involving two or more receptor systems. 
These include G protein-coupled receptors, cytokine. 



growth factor and trophic factor receptors. Greater flexibil- 
ity is provided when different signaling pathways are 
merged through multiple receptor signaling systems. 

Trophic factors exemplified by NGF and its family 
members, ciliary neurotrophic factor (CNTF) and glial 
derived neurotrophic factor (GDNF) all utilize increased 
tyrosine phosphorylation of cellular substrates to mediate 
neuronal cell survival. Actions of the NGF family of 
neurotrophins are not only dictated by ras activation 
through the Trk family of receptor tyrosine kinases, but 
also a survival pathway defined by phosphatidylinositol-3- 
kinase activity (Yao and Cooper, 1995), which gives rise 
to phosphoinositide intermediates that activate the serine/ 
threonine kinase Akt/PKB (Dudek et al., 1997). Induction 
of the serine-threonine kinase activity is critical for cell 
survival, as well as cell proliferation. Hence, for many 
trophic factors, multiple proteins constitute a functional 
multisubunit receptor complex that activates ra^-depen- 
dent and ra^'-independent intracellular signaling. 

The NGF receptors provide an example of bidirectional 
crosstalk. In the presence of TrkA receptors, p75 can 
participate in the formation of high affinity binding sites 
and enhanced neurotrophin responsiveness leading to a 
survival or differentiation signal. In the absence of TrkA 
receptors, p75 can generate, in only specific cell popula- 
tions, a death signal. These activities include the induction 
of NFkB (Carter et al., 1996); the hydrolysis of sphingo- 
myelin to ceramide (Dobrowsky et al., 1995); and the 
pro-apoptotic functions attributed to p75. 

Receptors are generally drawn and viewed as isolated 
integral membrane proteins which span the lipid bilayer, 
with signal transduction proceeding in a linear step-wise 
fashion. There are now numerous examples which indicate 
that each receptor acts not only in a linear, independent 
manner, but can also influence the activity of other cell 
surface receptors, either directly or through signaling inter- 
mediates. Which step and which intermediates are utilized 
for crosstalk between the receptors is a critical question. 
For neurotrophins, their primary function in sustaining the 
viability of neurons is counterbalanced by a receptor mech- 
anism to eliminate cells by an apoptotic mechanism. It is 
conceivable that this bidirectional system may be utilized 
selectively during development and in neurodegenerative 
diseases. 
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THE GDNF FAMILY: SIGNALLING. 
BIOLOGICAL FUNCTIONS AND 
THERAPEUTIC VALUE 



Matti S AifEkanen and Mart S^eama 

Members of the nerve arowlh factor flviGR and ollal cell One-derived neurolroohlc factor (GDNR 
families — comorlsina neurolroohlns and GDNF-famllv fiaands fGFLsl resoecllvelv— are crucial 
for the develooment and maintenance of distinct sets of central and oerioherai neurons. 
Knockout studies In the mouse have revealed that members of these two famifies mlahl 
collaborale or act seouenllallv In a alven neuron. Allhouah neurolroohlns and GFLs activate 
common Intracellular slonalllno oathwavs throuoh their receotor tvrosine l^tnases. several clear 
differences exist between these families of troohic factors. 
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Glial cell line-derived nDurolroDhic factor fGDNH was 
oripinallv Durifled from a rat glioma cell -line suoer- 
natanl as a troohic factor for cmbrvonic midbrain 
dooamine neurons, and was later found to iiave oro- 
nounced effects on other neuronal subooovjlatlons. 
Because GDNF orotects dooamine neurons in animal 
models of F^rirkinsons disease, and rescues motor neu- 
rons in wvo hooes have been raised that GDNF could 
be used asa theraoeullc apent to treat several neuro- 
degenerative diseases. In additiort GDNF has Imoortant 
roles outside the nervous svstem. It acts as a mor- 
ohoeen in kidnev dcveiooment and re0ulates the dif- 
ferentiation of SDermatoffonia. In this review, we focus 
on recent Inslehts into GDNF-famllv lieand fGFU 
receotor mechanisms, communication oathwavs and 
their ftincUonal imolicatJons in the nervous svstem. 

GDNF famllv: distant relatives of the TGF-B kin 
GFLs are svnthestzed. secreted and activated liv a varielv 
of tissues, and can bind to receotors on soeclflc target 
cells. infliKnclns their develooment or suDOorttne their 
survival and dilTerenUated ohenotvoe in adtilt animals'. 
GDNF and neurturln f NRTN) were first ourifled bio- 
chemicallv bv virtue of their bloloeica) acttvUv. 
Thereafter, arlemin f ARTN^ and oerseohln f PSPN) 
were isolated bv a database search and homoloffv 
clonlne^ GFLs belone to the transformtne growth 



factor^fl rir»r suoerfamilv. containin0 seven cvstelne 
residues with the same reiaUve soacin? as other mem- 
bers of this familv. Desolte low amino-acid seouence 
homoloffv. GDNF and other structurallv characterized 
members of the TGF-B suoerfamilv have similar con- 
formatlons^ Thev al! belon? to the orsmiE kw.it orolein 
famlk and diev fiinclion as homodimers. 

TVoicallv for secreted orotelns. GFLs are orodtjced in 
the form of a orecursor. oreoroGFL, The signal 
seouence is cleaved on secretioa and activation of the 
oroGFL orobablv occurs bv oroteolvtic deavage. GFLs 
seem to bind heparan suu^iati side chains of extra- 
cellular-matrix Droteoelveans. which mieht restrict 
their diffusion and raise their local concentraUon*. 
Although the sites of GFL synthesis have been studied 
extenslvelv^ our knowledge of the ?ene regulation and 
mechanisms of secretion of GFLs. and of the acUvatlon 
of GFL orecursors. is verv limited. The soeciflc oro- 
teases diat cleave and activate GFL orecursors have not 
been Identlfled. Interestingly, recent evidence indicates 
that secreted oroneurotFOohins an bioloetcallv acUve^ 
Secreted oroforms of nerve erowth factor fNC;Fl and 
brain-derived neurotroohic factor fBDNB are cleaved 
extracellularN bv the serine orotease oiasmin and selec- 
tive matrix metaitoorotelnases. ProNGF binds with 
hieh afHnitv to d75^'"^. a receotor that induces aoootosis 
In cultured neurons, with minimal activation of the 
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Fioure 1 1 GDNF-famUvliaands and receotorintef actions. Homodimefic dial cell fine-derived 
neurolroDhk: factor (GDNFVfamlv hiands fGFLsl aclh/ate RET tvrostne Idnase (TtO bv first bindino 
Iheir coonale GDNF-TamSv fecontor-a (GFRid receolors. Azrows Indtcate lh& Dreferred 
loand-receDlor tnleradbns lhat are known to occur ohvslokxilcalv ^7 vho. GFRa orotebis are 
attached to the olasma membrane bv a alvcos^ ohosDhalldvlnosilol fGPlI anchor and are 
oredicled to have three olobi^ cvstetne-rfch domains n ^.3) fexceot for GFRa4. which has oniv 
two), lolned tooether bv tess coriserved adaotor scouenccs' . GFl^ bind malnlv to the second 
domain of GFRareceotors. ^vhich is also crucial for RET bMio". Allhouah the exiraceiyar 
domain of RET hlcracts with oD four GFL-GFRn comolcxes'^. the reofans of RET thai are invotvcd 
In these interactions have not been delneatcd. Bindino of Ca'* ions to one of the four extracelular 
cadhcr1n<lkfi domains of RET Is reouired for Its activation bv GFL^*^ Four tyrosine residues Id the 
RET IntraceliiHar oart nvr905 . Tvr101S.Tvn062 and Tw1D96'redbalte1 sfifveasdQcMna sites for 
durerent sdaolors. One of Ihcm fTvrl 096) (s in the catboxv-iermlnal end of the inno isofomi of RET 
fareVl IVlembrane rafts are showi In velow. ARTN. artemin: NRTN. neurturm.* PSPN. DerseoNn. 



differentlation/sui^ival oalhwav that Is mediated bv the 
tyrosine kinase A receotcH' HrkA). It ts now of interest to 
determine whether the biological actions of GFLs are 
also reflated bv Droleolvtic cleavape. and whether oro- 
forms of GFLs have fimctions that are distinct from 
those the mature lieands. 

GDfMF^famllv sianalltna 

GRs/brnofsficf/^cGFRcr condoeDtcrsandacUyateREK 
All GFLssitrnal throuph the RET rkotds tyrosine kb^iase. 
which was first discovered as a oroto^onco^enc 
frevlevred in FJEF. 7). It is activated onlv If the GFL Is first 
bound to a novel class of orotelns. known as GDNF- 
famtlv receotor-a fGFRa) receoiors. which are linked to 
ihfi olasma membrane bv a niYcosviPiKiSHiATiDYiJNosrroL 
(GPn anchor. Four different GFRa receotors have 
been characterized fGFRa I -4). which determine the 
IleandsDeclficitv of the GFRa-RETcomolex. GDNF 
binds to GFRal. then forms a comolex with RET. 
NRTN binds to GFRa2. ARTN to GFRal and PSPN 
acUvates RET bv blndinir to GFRa4 fFic «. NRTN and 
ARTN mi^ht crosstalk weaktv with GFRal. and GDNF 
with GFRa2 and GFRal However, in mammals at 
least PSPN can bind onW to GFRa4 (REFS i .2.7.b». GFRa 
receotors are usuallv bound to the olasma membrane, 
but cleavage bv an unknown DhosDhoHoase or orotease 
can oroduce soluble forms of these co-receotors^ 
Alternative sollctne can also oroduce soluble forms, at 
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least of GFRa-l (REE 8». Anaivsls of The (lenome Database, 
the near-comolete oubllc human senome databank. 
Indicates that further functional GFL members are 
unlikelv to exist (M.S.A-. unoubUshed observations). 

RET Is a sincle-oass transmembrane orotein that 
contains fourcadherin-llke reoeats in the extracellular 
domain and a tvotcal intracellular tyrosine kinase 
domain iftg n. GR~GFRa bindlne to the extracellular 
domain of RET leads to activation of the intracellular 
ivrosine kinase domain. According to the original 
model, a GDNF dlmer first binds to either monomeric 
ordlmerlc GFRal. and theGDNF-GFRal comolex 
then Interacts with two RET molecules, therebv Induc- 
ine their homodimerization and tvroslne autoohosoho- 
rvlallonV However, the fact that GDNF mutants lhat am 
deficient in GFRal bindin? are able to activate RET 
Indicates that at least some RET molecules are weaklv 
associated with GFRal before GDNF blndinff" mo. zaK 
The stoichiomelrv as well as the kinetics of li0and- 
receotor comolex formation are not well understood. It 
Is assumed that the other GFL members interact with 
tlieir coenate co-receotor and activate RET Jn a similar 
manner to GDNF 

Divfacn of /star twWnamf cxftsdb/^^ 
Is Increasing evidence that the lioid mteroenvlronment 
on the cell surface Is crucial for signal transduction. 
LlDid rafts consist of dvnamic assemblies of choles- 
terol and SDhint?o]iDids on the outer leaflet of the 
olasma membrane". The Inner leaflet is orobablv rich 
in ohosohohoids. with saturated fattv acids and cho> 
Icsterol. but it is unclear how the inner and outer 
leaflets of the olasma membrane are couoled. altJiouch 
transmembrane oroieins are orobablv essential. 
Imoortantlv. oroteins have been identified that are 
inchjded in or excluded from the rafts. Lioid rafts, 
which contain interacting oroteins. can chantfe their 
size and comoosiiion in resixjnse to various stimuli. 
Several orotein erouos have hlffh afflnitv for rafts. 
including GPI-anchored oroteins. doublv acvlaied 
oroteins such as cv tool asm ic Srcfamilv kinases 
fSFKs). cholesterol-linked and oalmltvlaled oroteins. 
as well as some transmembrane oratelns. 

The GPI anchor in GFRa receotors localizes them to 
the lioid rafts of the olasma membrane" fnG.2a). GDNF 
binding to lioid -anchored GFRal recruits RET to the 
Hold rafts and triggers its association with Src. which is 
reouired for effective downstream slgnall^ng'^ Signal 
transduction depends on the colocalization of RET 
and GFRal in the Hold rafts, as cholesterol deoletion 
slgnificanUv decreases signalling efflcacv. 

StimulaUon of RET in asov in transh\f GDNF in a 
comolex with GPI-anchored or soluble GFRai . resoec- 
tivelv. triggers different slgnallinff oathwavs tnslde and 
outside the rafts ifig 2). although both tvoes of stimula- 
tion activate rdifferenti RET tvrostne ohosohorvtation 
sites with Indistinguishable kinettcs*^ The acUvated RET 
orotein Interacts widi the lloid-anchored adaotor orotein 
niS2 fllbroblast fflowlh factor receotorsubstrale 2) onhr 
tnslde the rafts, and with soluble She fSrc-homoloeous 
and collagen-like orotein) malnlv outside the rafts'. 
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Floure 2 1 Distinct GONF-famllv Roand slanallina inside and outside rafts. The model MahDahts the dlffefenl bitraceSular RET-blndlna orotcins (blue) and 
Bdlvalcd downslrearn stanalBno oathwavs farevl when RET tvroslne kinase (TK) is sUmulated a i bi rans fvdkivu) bv alal ceB Dne-dcrived neurotroDhic ractor 
{GDNFVramlv Soand fGFU in a comolex with aivcosvl ohosDhaildvlnasitQlAsPD-anchored GDi^F-ramlv recenlDr-a (GFRd jhcis. or b i outside rafts bv a soluble 
GFL-GFRa comolex b trsn^. In the absence ol Boand. most GPI-anchored GFRa molecutes are in raRs. some weakly bound to RET. and most RET Is outside the 
rans. GFL mlaht Induce GFRa dimerizaltan. The enhanced alSnllv of the GFL-GFRa Comdex lo RET draos RET lo the rafts and oromotes its dlmeitzatlon". The 
Dhosohontoted tvrosJne residue nvn062J in RET Ihal Is used for docklno Is shown b red. RET silmdatlon t? frans bv GFL bound to soluWe GFRa outside the raits 
InltiaSv aclivatos stanaOnQ oathvvsvs lhal am mediated bv soiut^ adaoiars such as She (Src*homatoaDus and coaaacn-BKe croteln), The sohjbJe GFL^FRa 
comolex recruits RET to Bold r^fts and trkiocrs raft-soedflc skinaBno (broken arrow). Alihouoh both FR52 fibroblast orowth factor receotor substrate 21 and She 
adaolors can bind to the same Dhosohotvrastne rTvrt062l RET stlmulaliDn bv GPUanchorcd GFRa In rafts oromotes Ihe bindtno ol Gokt-anchored adaotors such as 
FRS2 and the octfvoilon of Src (oreenJ. Three other adaotor orolelns — OOK4/5 fdov/nstream of tvrostno kinase 4/5). lRSl/2 flnsuBn receotcH substrate 1/2) and 
eniama — bind to the same lVr1062 site. BIndina ol enkima to RET Is indeeendent of ohosohorvtatlon. The mechanism of Src activation lorecn) bv RET Is unclear. 
GA61. GRB2-assoclated bkuSno oroteln V. GRB. arowlhtactorreceolor-bound orotein MAPK. mltoaen-acllvated oroleln kinase: PH. otextrin homotoov-. 
PI3K. ohosDhatklvtinosKol 3-kinase PLC. ohosohdjoase C. 



So. the liDld rafts seem to comoarlmentalize signalling 
molecules on both sides of the olasma membrane, 
which allows them to interact with each other and 
orevenls interactions wilh oroteins that are exchided 
from the rafts. 

Surorislnclv. soluble GFRa I. which binds GDNF 
and activates RET in trans initlallv outside Hold rafts, 
can also recruit RET to the rafts with delayed kinelicsl 
RFT stimulation, also in tr&is leads to sustained down- 
sU-eam sij?nalllne. boUi In and outside rafts, that oolenti- 
ales neuronal survival and dIfferentiaUon resoonses to 
the lieand* Aldiouflh RET tyrosine kinase acUvitv is 
reaulred. the mechanisms that brine the comolex of 
GDNF. soluble GFRa 1 and RET to rafts, and Drolone 
slpnalllne. are unclear 

GDNF-faniivrecEOtasnnMiDfeamallimiBthwa^^ 
Germ-line muiaUons in the RET oroto-oncoeene are 
resi}onsible for two unrelated neural crest disorders In 
humans. AcUvatlnenmtaUons in the RETfSeDs cause sev- 
eral tvises of cancer, whereas Inactivating mutations lead 
to I Ilrsclisonms's disease faeanffUonic megacolon). RET- 
lelated inherited diseases have t^centhr been reviewed fsee 
REFS 7.16). Althouahsisnincant Droeress has been made in 
characterizing the bloloeical conseauences of /^muta- 
tions and changes in RET downstream signalling In 



oatholo^lcal conditions, several challenges still remain. 
For examole. It Is not dear whv different oolnl mutations 
in the gene associate with oarticular tvoes of canar, what 
the oalhoeenetic role of GFRa receotors and GFLs is. and 
how theaj oroteins conUibute to disease ohenotvoes. As 
RET was first found as an oncogene, there are amole 
exoerimental data on RET activation and signalling 
oathwavs In disease, whereas information about the 
GFL-activated RET-signalllnj? oathwavs is sUll limited 

Once ohosohorvlated. the tvroslnc residues in the 
Intracellular domain of activated RET serve as high- 
affinity binding sites for various Intracellular signalling 
oroteins in the target cells, as in the case of other receotor 
ivroslne kinases*'. Intrlgulnslv. Tvrl062 In the carboxv- 
tcrminal cvtoolasmic tall of RET Is the binding site of 
at least five different docking oroteins — She. FRS2. 
DOK4/5 rdo^vnstreamof tyrosine kinase 4/5). IRS I rz 
(insulin receotor substrate 1/2) and enigma. Neuro* 
troohins activate, through their Trk receotors. the 
ohosDhaUd^dinosltol 3-kinase fPia-kinase) and mitogen- 
activated uroteln kinase (MAPK) oathwavs. which both 
contribute to neuronal survival'" Furthermore, the 
activation of MAPK is crucial for neurltoffenesis. 
Recent evidence indkrates that P!3-kinase and ohosoho- 
tioase Cv (PLC-y) activation bv neurotroohins are 
involved in the enhancement of neurotransmission'*. 
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Roure 3 1 Model ofRET-lndeoendent GDNF-GFRctI sionalllna. Gliai cdHtnc-defWcd 
neurolroOhfc faclor (GDNFl Induces ohosohontolton (Pi oJ Src-famSv kinase fSFlO thai b anchored 
lo ratts. bv bindina lo GDNF-fami)v reccDlor-al (GFRal) and to an urticnown iransmembranc 
dvcooroleln. SFK can then acdvale intracellular subslniles and ottier olasina-membnine recedivs. 



Tliese same routes are activated bv GFLs. which slenal 
throuBh RET (reviewed In REE 7V However, there are 
some differences In the sienallins of neurotroohlns and 
GFLs, such as the Involvement of Hold rafts and I APs 
(inhibitor of aooDtosis proteins), as discussed later 

As different GFLs signal through the same RET 
receotor. it is of Interest to know whether these factors 
trii^eeroualitatlvelv orouantitativelv different slgnalltne 
oathwavs. In cultured svmoathetic neurons. GDNF. 
NRTN and AHTN. bv their connate co-receotons. Induce 
a coordinated ohosohorvlation of the same four kev 
Rirr tyrosines riVr905.1Vri015.Tvri062andTvrl096) 
with similar kinetics'*, and are sue^esled to stimulate a 
similar Drofile of downstream slenalline oalhwavs. So, 
RET seems unable to trigger soecif ic signallinff bv ihiw 
different GFL-GFRa comolexes. However, not all 
tyrosines in the RETcvtoolasmic domain have been 
studied. Moreover, as the same ohosDhotyrosine 
(IVrloeZ) can bind different adaolors. ihev could be 
selectively recruited bv different GFL-GFRa Comdexes 
and oroduce distinct bloloffical outcomes. 

RErstimulatian in f/anisis consistent with the find- 
ins that GFRa receotors are often exuressed in tissues 
without RET. What miffht their role be In vfvtf Soluble 
GFRal receotors are oroduced bv cultured enteric 
neurons'^ and Schwann cells'. Soluble or extracellular- 
matrix-bound GFRa receotors mi?ht ootentlate and 
alter the bloloPtca! activities of GFLs bv stimulating RET 
intrsns Neurons miffhi reouire different RETrst^allln? 
mechanisms durlne different chases of their dcveloD- 
ment. such as a relatively mobile GFL-GFRa eradient 
during orecursor migration comoared with a fbced local 
source durln? terminal axon growth and branching. 
Consistent with this, in neurons that exoress GFRal 
and RET. GDNF ds^rransstffnalllnff bv Immobilized 
GFRal elicits marked, localized expansions of axons 
and growth cones comoarcd with stgnaltlng bv soluble or 
GPl-anchored GFRol alo^e^ Soluble GFRa receotore. 
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if released together with the lleand. seem to Increase the 
lieand SDeclflcltv in RET signalling'', which, combined 
with restricted llgand exoresslon. might exolaln whv 
GFLs do not seem to crosstalk In vfvounder ohvsiologl- 
cal conditions. The mechanisms that regulate GFRo 
shedding and GFL-GFRa-RET Internalization remain 
ot^ntoouestlon. 

RET exists as two main Isoforms that differ In their 
carboxvi terminus. The docking adaotor GRB2 (growth 
factor receotor- bound oroteln 21 can also bind to 
Tvrl098. which IssDectflc to the long Isoform of RET 
rriG. n. Surortslnglv. mice that lack the long RET iso- 
form seem to be normal, whereas mice that lack the 
short isoform have kidnev abnormalities and enteric 
aganglionosis. which are almost as severe as in /%t-null 
mlce^^ So. most RET signalling during embrvonic 
develooment can be attributed to the short Isoform. 
NGF can activate only the long isoform of RET In adult 
svmoatheUc neurons", which indicates a long-form- 
SDecific intracellular binding oroteln and a symoatheiic 
neuron ohenolvoe in mice that are deficient in the long 
form of RET 

Interest! nglv. an alternative, ligand-lndeoendent 
RET-slgnalUng oathwav has been suggested. In the 
absence of ligand. RET triggers cell death when ovcr- 
exorcssed in some cell lines, and this oro-aooototlc 
aclivllv is blocked bv GDNP^ A oro-aooDtotlc frag- 
ment that is cleaved bvcasoases from ihecvtoolasmic 
domain of RET is sufficient to trigger aDODtosis.This 
provocative result awaits verification bv other studies. 

Cros^kwithdtheraxMnhfsKJcrsandrBOEnt^ Unlike 
other members of the TCF-O suoerfamilv GFLs do not 
signal through receotor serine-threonine kinases. 
However in a svmoatlioad renal lesion oaradigm. 
endogenous TGF-B is reouired as a cofactor for exoge- 
nous GDNF to be neuroprotective TGF-Q and GDNF 
could coooerate during several crucial steos of signal 
transduction. Including GFRal receotor membrane 
localization". Altliough the significance of TGF-B in 
physiological GFL signalling Is unknown, thissvnergv 
might have clinical relevance. 

There is also coooeraiion between GDNF* and 
neurotroohln-familv signalling. For example, in sensorv 
neurons of the pmzasALCANcuoN. GDNF and BDNF act 
as target-derived troohlc factors and are reouired simul- 
taneouslv for survival'^ although the mechanism of this 
collaboration is not clear. Recent data from the 
Mllbrandt and Johnson laboratory reveal a new com- 
munication oathwav between RET and NGF signalling 
bv the IVkA receotor^'. During oostnatal develooment. 
svmoathetic neurons lose their deoendence on NGF for 
survival, but continue to reoulre NGF for soma growth 
and oiDcess maintenance, as well as for the develooment 
of a mature neurotransmitter ohenotvoe. These authors 
show that RET ohosDhorvlallon increases with oost- 
natal age in symoathellc neurons In w/f roand In viva 
This RET ohosohorvlation Is Indeoendent of both GFLs 
and GFRa co-receotors. but reoulresTYkA that Is acti- 
vated bv NGF. So. NGF promotes ohosDhorvlallon of 
the heterologous receotor tyrosine kinase RET. resulllng 
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LAMQlIPODtA 

Suei'bke extenskHU ax t}ie edw 
of celb lhal contain a crossllnked 
F-Ktlnmeshwork. 

cms 

An itTunctltaie e^iiv etm Out Is 
niDldlv turned on when mam 
ivoes of nnsun tn£Tu&9 ihelr 
actWilv. h can iherefon be used 
to idcntliv resoonsive neurans 



In enhanced growth, metabolism and flene exoresslon. 
However, the functional relevance of this crosstalk 
in wvo and more detailed molecular mechanisms of the 
Intracellular oathwav between TrkA and RET remain to 
be elucidated. 

Cvchc AMP Is an Imoortant reeulalor of neuronal 
survival, regeneration and ffrawth cone remodelllne that 
are mediated bv neurolroohic factors". The Increase in 
the Intracellular cAMP level activates nroteln kinase A 
fPKA). which influences a varietv of biochemical events 
In neurons. Recent data from the TakahashI laboratorv^ 
show that Ser696 on RCTfSDhosDhorvlated after the ele- 
vation of cAMP levels, aooarendv bv PKA. and is reauircd 
for GDNF*lnduced Rac actlvitv and lameuipooia for- 
mation. This tmolles a new mechanism, in which 
receotor tyrosine kinase modulates actln dynamics bv its 
cM4P-deDendcnt serine ohosDhorvlatioa It Indicates a 
crosstalk between RTF and other recet)tors, such as G - 
Drotein-couoled reccotors. which are known to acUvate 
PKA in neurons durine mieraUon. differentiation, target 
innervation and acUvitv-deoendentsvnaDtic olastlcltv. 

NewGDNFrBOEotcrs Recently. GDNF was shown to 
activate intracellular stenalllno oathwavs indeoendentlv 
of RET. llxrouph GFRol. In RET-deficient cell lines and 
orlmarv neurons. GDNF trleeersSFK activation and 
subseauent ohosohorvlatlon of MAPK. PLC-v. cAMP 



resDonse elemenl-blndlne orotein fCRBB). as well as 
the induction of c ros?^". Bv contrast. It has been 
claimed that NRTN-GFRa2 cannot signal In the 
absence of REP*. The mechanism of RET-lndeoen- 
dent signal transduction is unclear, because GPl- 
anchored GFRal should not be able to Interact directly 
with SFKs and other intracellular signalling effectors. 
So. non-RET signalling oredlcls the existerKre of a new 
transmembrane receotor or linker orotein for GDNF- 
GFRa I mc. 3>. As there is no direct evidence for GDNF 
signalling in mice that lack RET. the Dhvsiological rele- 
vance of RET-lndeoendent signalling in wvoremains to 
be shown. Alsa the new rcceotors might act oostnatalW 
or under Dathologica! conditions: for examole, in 
lemons or cancer 

Gene ablations show what GFLs reallv do 
Mice that lack REX GDNF or GFRal die soon after 
birth, whereas mice lacking other GFLs or co-receolois 
are viable and fertile. TAtU£ i orovidcs a summary of the 
neuronal Dhenotvoes of the different GFLs and their 
receolor-knockout mice. The verv similar ohenotvnes 
of llgand and co- receotor knockouts indicate a soecific 
oairlng of each GFL and corresoondlng GFRa in vfm 
Virtually all cells and tissues that are affected in GFL- or 
GFRa-knockoul mice also exoress RET. indicating that 
this is the main signalling receotor of GFLs in vo 



table 1 1 PiienotvDGs of mice that lack GDNF-famllv lloands or their receptors 

NrtnoTCfra2 



Gene knockout 
Gross ohenolvoe 

Viscerosensorv 



Symoathelk: 
Parasvmoathetic 

Enteric 

Molor 
Broln 

Otlier tissues 



Ret 
Lethal at bMh'^ 

BreatltlnaderGct 



Somatosfinsory ORG: NS" 



SCG: mlarstlon and 
Nllal axon arov^nh 
defect* subtle delidts 
(n other aanoDa^ 

No SPG orOG: 
reduced number and 
soma sizeln SMG and 
other oanafa^ 

No neurons In bovt/d 
bekiw stomach" 

Loss In various nuclei 
(see text) 

SN: NS» 



NoUdncvs^. 
moderate C-ceD bss*" 



GdnfQT Gfral 
Lethal ai birth* 



PGr 40% loss of neurons^: 
breathing defect 

TG: loss of mvefinated 
endinos in whisker loScle 
ORG: neuron number NS". 
nsduced soma size** 

SCG neurons: NS or subtle 
toss' 



No SPG or OG: reduced 
number and soma size In 
SMG and other aancdia^ *^ 



No neurons In bowel 
below stomach' 

f^oderatc kiss In various 
nuclei^" 

SN: NSV ImoalTGd teamha 
lnaduHGd/i/-*-mlce» 

NokldnevsMcsUs 

deoeneratlonlnadull 

Gdn/^'-mte*' 



Pscudootosls. fertae. 
Gtm2^- mice orow ooortv 
after weanina' 

ND 

DRG: neuron number NS. 
reduced soma size, loss 
ofheatsensltivltvtna 
subDODulalkin^* 

SCG neurons: NS* 



SPG neurons: number NS. 
bul lack innervation: 
reduced number, soma 
size and InnervBllanin 
other aanoCa"*'' 

li/loderale loss of fibres 
In smal Intestine, reduced 
molOHv' 

No cross defects" 

Subtle deilcUln 

hiDDOcaniDalsvnaDtlc 

transmission^* 

ND 



Artn or 6fira3 Gfra4 

Ptosis, viable, fertae^ Viable, fertae'^ 

ND ND 

DRG:NS» ND 



SCG: mlaratlon and ND 
initial axon orowlh 
defect" or reduced 
DToiifcralkjn^. most 
neurons die bv P60 

SMG neurons: N5>* ND 



NS** 



ND 



ND ND 

No oross defects'* No aross defects'' 



ND 



ND 



Numbers In suoosotot icfor ki conesoondlna references In the bfbioorsohVL It not slatod. Iho ohcnotvoe lefds to tho newburn bi Ret. Gdhfand Gfrat kngckouts. and to the aduQ 
m olhcifs. C cd. IhvTold colcllDnln-Droduclna eel'. ORG. dorsdiooi oanoBon* GONF. (flalcGlBnQ-derivfid neurottoo^ilc factor: ND. not detotminQd- NS, not sloriflcanUv dlflercnt 
Itom vvfld tvoe OG. oQc aanuEon- P60. oastnaial dov £0- PG. oelrosalQentAon- SCG suoedor cenlcalaanalan- SMG. submandlbdai oanofon- SPG, fDhenanabllnB oonolon- 
SN. substantia niara- TG. Hloeininal aanoSon. 
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Mice Oral lack GONE GFRa! or RETsharc a oheno- 
ivoe of kldnev aeenesis. and an absence of manv oara- 
svmDathetlc and enteric neurons (see REF. i for original 
references). Likewise, mice that lack NRTN or GFRa2 
have slnnllar deficlls In enteric and DarasvmDathettc 
Innervation. However. Gfra2^' mice show crowih 
retardation after vveanlne. whereas Nrtrr^' mice erow 
normallv.Tlie growth retardation of Gfra2^- mice is 
orobablv due to multlole Innervation deficits oloni? the 
allmentarv tract. Including the pancreas fM.S.A.. 
unoublished observations). The dlscreoancv in growth 
between NRTN- and GFRa2-deficienl mice might 
reflect differences in genetic background or feeding con- 
diUons falthoueh GDNF crosstalk through GFRa2 can- 
not vet be excluded). Although mice that lack GFRa2 or 
GFRoS seem to share a Dhenotvoe of drooov evellds 
fotosls). the underlying causes are comolelelv diflerent 
(Sr32* mice lack DarasvmoatheUc innervation in the 
lacrimal gland, whereas Gfr^" mice lack svniDathetic 
innervation to tl>e lid elevator muscle'^. PSPN suooorls 
embryonic ral^ but not mouse, midbrain dooamlne 
arHl SDinal motor neurons in v//ro fM.S.A. tf a^.. unoub- 
lished obsenratlonsl . This soecles difference seems lo be 
due to a lack of messenger RNA that encodes the func- 
tional GFRa4 recBDtor in the mouse nervous svsiem^. 
Accordlnelv. lack of GFRot4 signalling does not lead to 
anv obvious defects in the mouse braln^'. 

Each GR seems to regulate the mRNA exoression of 
its cognate co-receotor. as Gfrat but not Gfra2or Rst, 
expression Is reduced in the oerioherai ganelia In GChf' 
mice, whereas the ODoosUe is seen In Wrfn*' mice'. 
Interestlnglv. this regulation might be Indcoendcnt 
of REiTslgnalllng. because GFRa exoression In RET- 
deflclent mice is unaltered". This kind of feedback 
regulation would match changes in troohic factor pro- 
duction in target cells with changes in the neurolroohic 
resDonsiveness of neurons. It Is not known whether this 
regulation of GFRa gene exoression bv GFLs is direct 
or whether it is mediated bv neuronal activity. 

Neuranal-sublVDe-soeciflc functions of GFL^ 
S^mmatMicneurans Analysis of GFRa3- and RET- 
deficient mice has revealed a crucial role for ARTN 
signalling bv GFRoa-RET In the migration of suoerior 
ccrvica] ganglion (SCO symoathetic orecutsois". ARTN 
is flrat oroduced locallv in the vicinity of svmoatheUc 
ganglia, and later bv large blood vessels — intermediate 
targets along which the develooing symoathetic axons 
grow to their final destlnatloa SvmDathctlc nc\irons in 
late embrvos become Indeoendeni of ARTN bv down- 
regulating Q^exDnesstoa and become deoendent on 
target-derived NGF. SCG neurons in &tB3'- mice die. 
aooarentlv because the symoathetic axons fall to reach 
their orooer targets fand conseauentiv lack adeouate 
troohic suoDort). In addition, subtle migration and 
Innervation defects in other ganglia alone thesYmoa- 
Ihellc chain have been reoorted In mo\ise embrvos that 
lack ARTN. GFRa3 mHF. 3.i) or RKP\ However, it Is not 
known whether these defects have anv functional con- 
SBQuences in adult ARTN- or GFRa3-deflclent mice. 
Ibken together, the results indicate that symoathetic 



neuron develooment reoulres chemoaltractant ARTN 
signalling through GFRa3«RET fot migration and initial 
axon outgrowth mG.4i. 

Several Questions remala Hiere is some debate about 
the extent to which GFRaS-RETsignalling is reoulred 
for svmoathetlc orecursor orollferatlon and survival 
before NGF deoendence". The role of GFRa3 in adult 
svmoathetlc neurons Is contradlclorv — although Gfra3 
is not expressed bv oosUiatal dav 60 (PBO) SCG neurons 
in V7M3?*. Aim^i can still suouort a suboooulation of 
these neurons in vitrei. However the culture of freshly 
Isolated neurons might reoresent an iniurv situation In 
which GTMexDression is unregulated. Also, the role of 
GDNF In sympathetic development is still unclear: no 
loss of SCG neurons bv birth In Gfral but a 30% loss 
In Gdht* mice has been reoorted (see REF. i for original 
references). As discussed earlier. NGF signalling bv IVkA 
promotes ohosohorvlailon of the long RET isoform in 
mature svmDathetlc neurons". However, the role of 
GFRa receptors that seem to be co-exoressed with RET 
in symoathetic neurons at least during the first postnatal 
week*". Is unclear. 

In addition. It is not known whether RET Is 
exoressed bv a soeciftc suboooutation of sympathetic 
neurons oostnatallv. One oossibilltv Is that it is involved 
in the cholinergic differentiation of a suboooulaUon of 
symoathetic neurons, which seems to reauire neuro- 
U-oohin 3 (NT- 3)^. Interestingly, in cultured neonatal 
SCG neurons. NT- 3 has a synergistic survival action 
with GDNF and retinoic acid Induces GDNF and NT-S 
responsiveness and cholinergic differentiation^. 

f^ra3m)atheUcnBLirons Postganglionic oarasvmoa- 
thcUc neurons are located in small ganglia close to or 
within the target tissue. In the cranial region, these 
include the ciliarv. sohenooalatine. submandibular and 
otic ganglia. The otic and sohenoDaiatine ganglia are 
absent in newborn ROT-. GFRal - or GDNF-deficient 
mice. Indicating that GDNF signalling bv the GFRal - 
RET rrceotor comnlex is essential for the develooment 
of these oarasvmDathetic neurons during embrvoffene- 
sis^' ".The ganglia are already missing at embrvonic 
day 12. and their neuronal orecursorsshow defects in 
migration and Droliferation fbut not increaa>d aoooto- 
sis)". PaiisvmDathetic precursors express Gfrat and 
and GDNF is found within or around them during 
migraUon. So. GDNF signalling bv GFRal -RHT is 
reoulred for migration and proliferation of parasvmpa^ 
ihctlc neuronal precursors during earlv embrvonic 
development (RG.4i. 

(^1 mRNA exoression In parasympathetic neu- 
rons Is downregiilated before birth, but the neurons 
continue to express Asf and Gfra2 postnatallv. while 
Nrtn Is upregulated In the target tissues"^. NRTN- or 
GFRa2- deficient mice have variable deficits in para- 
sympathetic target innervation in all regions examined. 
As a striking example, the parasympathetic innervation 
of the lacrimal (Hadrenlan) gland that arises from the 
sohenooalatine ganglion is virtually absent. However, 
the neuronal eel! bodies In the ganglion are not reduced 
In number, but are slightly smaller Interestlnglv. 
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Figure 4 i CMfrerences In trDahIc factor deoendence between svmDathetic and 
oarasvmDathetIc neurons. Shown is a schcmaltc comoarison of a I the svmDalhellc suoertor 
CQVicai rSCG) and b I Uic DarasvmDalhelic sDhenooalaUne oandlon (SPG) duitna develODmefti. 
^ cnilv enibrvos. ncufonat tTccursors in the 5CG reoulm anernin (ARTN1 for mioration. OTDSferatlon 
end subseouent Inittai neurtte outofowth. SPG orecursors reouire olal cd bie-dertved neufotraohic 
factor (GDNil. ortmarilv for rrtotfon and r^oSferation. In late cmtxvos and oeftnataOv. svmoathetic 
newons reoure ncurolrQDhJns — nenfe orovirth factor fNGR and neuroliODNn 3 (NT-3) — for 
surulva!. \vhereas DorasvmoatheDc neurons undcrao a svuilch to reaulre neurturin fNRTi^ for target 
innenmllon and msinionance. In contrast to SCG svmDalheUc neurons. SPG Darasvmoalhotic 
neunans do not die in the absence of taroel-derlved NffTN suooort. Note that non-mvelnatino Q0a) 
suoDod cells, which surround the neuron ccfl bodies and fibres, are tiiouc^t to arise from the same 
autonomic neuronal orccursors. In Darasvmoathetic laroel tissue al least, the \Gtmn^ Schwann 
ceSs exoress GONF<tamlv rccGDlor-tx2 IGFRcx2) but not GFRal . Trt(A. tyrosine kinase A receolor. 



vasurntutni:tdri)i:tlvttv.ll Is 
well as ill brain ktdntfv and Itmtf. 



Schwann cells In Darasvmoathetic tareet tissues, which 
in wlld'tvoe mice exoress G^fand not &taD and are 
in close contact with Darasvmoathetic fibres, are not 
affected fM.S.A., unoubllshed observations). So. the 
main role of NRTN in Oils eanffllon. and Di^mablv in 
other DarasvmDathetlc sandia. is to suoDori target 
Innervation fincludin? local axon mjldance. branchtni? 
and terminal formation) and to maintain neuronal size 
ftroohic status). 

Earlier studies in fro? cardiac eanella Indicated that 
DarasvmDathetic neurons within or close to the target 
tlsstie ml?ht not undergo orommmed cell death, as 
thcv match the growing tareet size with increased orolif • 
eratlon^". Bv contrast for chick ciliarv eanellon neurons, 
limited amounts of target-derived NRTN seem to act as 
a classical survival factor^'. Further studies of naturallv 
occurring cell death In mammalian Darasvmoathetic 
eanfflia are needed. Nevertheless, the aooarent lack of 
cell death In some DarasvmDathetic neurons In the 
absence of tareet NRTN suooort Is Intrlsuinff. and Indi- 
cates differences In traohtc slmtaltlne oathwavs that are 



activated bv neuratroohins and GFl-s. These surviving 
but atroohic neurons are reminiscent of neonatal Bax- 
deficient or mature svmoathetlc neurons, which atro- 
ohv and retract their neuriles In the absence of NGF. but 
do not die. 

Insummarv. GDNFand NRTN have distinct and 
seouenttal roles in deveiooins Darasvmoathetic neurons 
ma i). This shift from GDNF to NRTN signalling is also 
found In the enteric nervous svstem. indicating that 
common develoomental mechanisms exist between the 
Darasvmoathetic and enteric nervous svstems. 

Bitaicneurons Enteric neurons and glial celb that 
are derived from the vagal and sacral neural crest are 
missing below the stomach in mice that lack GDNF. 
GFRal or RET (reviewed In REF. ifi). Mutations that 
affect the RET or ENDcrmELiN signalling oathwavs. as 
well as the transcriollon factois SOX 1 0 or SIP I fSmad- 
Interacting orotcin 1). cause Hirschsorung's disease 
in humans Gcfr?f-heterozvffous mutant mice have a 
variable enteric ohenotvoe that might more closelv 
resemble the human svndromc". GDNF. exoressed In 
out mesenchymal cells, oromotes the migration, orolif- 
eratlon. survival and differentiation of multiootent 
enteric orecursor cells that exoress GFRal and RET^. 
As with other autonomic oiecursors. it is undcar whether 
all these effects of GDNF are direct and what their rela- 
tive conU-lbutions might be in w'va Soluble GFRal is 
aooarentlv oroduced bv gut non-neuronal cells and 
promotes the effect of GDNF on precursor orolifera- 
tlon'*. As expression of soluble GFRal ceases in late 
emhrvos. the GDNF resDonse changes from mltogenic 
to iroohlc. Endothelin 3 fEdn'i) signalling seems to 
modulate GDNF action bv Inhibiting the oremature 
neuronal differentiaUon of migrating orecursors^. The 
Dossibllilv of crosstalk between RET and endothelin 
receotor B fEdnrb) signalling has been suggested*^. 

Mice that lack NRTN or GFRa2 show little if anv 
loss of enteric neurons. However, these mice show 
a moderate but significant loss of the cholinergic. 
substance-P-containing fuie mvenlertc nerve olexus in 
the smaD intestine, esoeclallv in the duodenum*. During 
late embrvonic and earlv oostnatal develooment. 
NRTN Is e.xoressed oredotnlnandv in the circiilar mus- 
cle laver. whereas the postnatal enteric neurons exoress 
GFRa2 and RET. Interestlnglv. alUiough the densltv of 
the myenteric plexus In the GFRa2-deflcient mouse 
colon is affected onlvslighdv. the release of substance P 
in vitro from the NRTN-dcficient mouse colon Is 
reduced markedly. This Implies that besides suooorllng 
enteric Innervation. NRTN-GFRc£2 signalling could 
regulate neurotransmitter relepse. Although GDNF. 
NRTN and their receotor components are also exoressed 
In the adult gut^ their rale in the adult enteric nervous 
svslem and in functional disorders such as Irritable 
bowel syndrome ts unknowa 

SomaUcsEnaarvneurons in vitra GFLs can suooort 
subooDulatlons of orimarvscnsorv neurons that serve 
different modalities. buL In most cases, their ohvsiologi- 
cal role in thiols ooortv understood. Before birth, many 
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Fkiure 5 1 In vfvD functions of GDNF^famHv ilaands in somatic sensorv and motor neurons. 
TtiD summarv dlaoram shows a suboooulailon of SDAnal otimarv sensonr and motor neurons that 
m atfectfid in knockout tot transaenic) mice at some devetoomental staoe. A suboooilalton of 
motor ncuions redulres obi cefl Ino-dertved neurotroDttt: factor (GDNR for sunflval dudna 
embrvorte develooment and ddssOjIv for lemiinal bmefvaUon durino oostnatQ] devtHooment. 
Termina! Innefvatkin oT same mveSnatGd mccihanoceotors \n the wHsker foDicfe reauires GDNF 
Dostnatak The innen/allon dcfidt tn the hairfoSidG Is cxlraodaled from w^&skcr-oad dala^' 
NeurluftnmRTN) reoulates heat sensllMiv hi a subooodatkm of unmvcOnatcd noctecDlars. 
FordfitaSs. see the maki text. GFRol GI}NF-famlvreceDlDr-a. 



CAROrnDflGDY 
A rhrrnnr«rptoron?an thai is 
located iibovr the hlftirraiion of 
ihecnminon carotid oricrv. W 
mQRilan rhanfts In l>lood 0, 
and CO, canimL and o1 1. ilua 
hctoina to rantnil recpf ramrv 
sctivitv 

SKW NaiVEIWARATlON 
An in uiifroDreturation tJial is 
us«f 1 lostudv t\w funritoiul 
tit^itvrttes cif £ert&nrv ntfumrts 
tlu] tnn«rvaIt^ t^r skin. Sini\t. 
femay idtmvis srt isoIiIhI Ijv 
nvfrnUnsfrniniixQium 
iiilrfDdlsMctHl ftlaiiwib nf a 
ruranrottf nerve, atul art 
ciasslflMl Qti the Imls of tluilr 
n>mlucti(tfi vvloclrv. mechiuiiirdl 
tlin^uild aiul adaiiialltin 



orlmarv sensorv neurons in the oetrosal fTan^lion 
reauire tareel-derlved GDNF fand BDNR forsurvival'^ 
Tlicse visceral chemoaflerenl sensorv neurons Innervate 
the cARimn WJDY and oarticloate in breatlUn? control. 
Accordtnglv. GDNF- and RET-deficient mice have dis- 
turbances in rcsoiration. and ooinl mutations in these 
genes are found incon^rnital coniral hvoovemilation 
svndmme'^ 

Most Drimarv sensorv neurons in the solnal and 
Iritfeminal ganslla reauire NGF for survival diirinp 
embrvonic develoDmenL Soon after birth, half of these 
neurons downreculate TVkA and start to exoress RET 
and cell-surface glvcourotelns that bind the olant lectin 
IB4 fREF.45>. These srttall unmvelinaied neurons mediate 
oain and temoerature sensation oredominantlv from 
the skin, and ihev terminate in the inner oan of lamina 
II of the SDinal cord mr. 5i Durin? develooment Grat 
Gl^a2and G/^mRNAs are exoressed in oerioheral 
nerves* foresumabiv in Schwann cellsV and are co- 
exonessed with Rdt in nartiallv overlaoDln^ suboooula- 
tlons of sensorv neurons'^, whereas sensorv tareet areas, 
such as the eoidermls and whisker follicles, exoress Gdnf 
and Nrttf GDNF is not detectable in adult skin*, but it 
is orcsent in Schwann cells and in the suoerflcial lavers 
of the SDinal cord^'. Artn mRNA is found In develooln? 
Derloheral nerve roots, but Its levels In adutt nerves are 
low. GUral and Htf are also exoressed In a siibooDulaUon 
of lar^. invelinated mechanoscnsorv neurons. 

Consistent with the finding that the GDNF-deoen- 
dence of somatoscnsorv neurons in wfrostarts after 
birth*", the number of sensorv neurons is not affected in 
the SDinal and trtffemlnal tranfflla of newborn Gdnf^' 
(REE 50J or Gfraf ' (REF. n mice. Postnatallv. GDNFsJff- 
nalllns miffht be reouired forsurvWal target Innervation 



and/or other functions in GFRa 1/RET-exoresstne sub- 
DODUlations of sensorv neurons. Gtfn^'" mice show a 
postnatal loss of mvelinaled mechanoceotors Hanceolate 
and reticular en dines), imolvinfl that GDNFsuDOorts 
cutaneous sensorv innervation^'. Intrieulnelv. termina) 
Schwann cells In the whisker follicles, but not In the 
adlacent mvellnated nerve endings, show detectable 
GFRat immunoreactivltv. indicating that GFRal In 
Schwann cells might be released locallv or act in trans 
Bv contrast newborn Gdtt^ or adult Gchf'*' mice show 
no deficits in unmvellnated innervation In the whisker 
follicle. Whv the large mvellnated but not the small 
unnwelinated GFRal /RCT-exoressing sensorv neurons 
seem to rBOUlte GDNF for Innervation Is unknown. 

It seems that none of the small, unmvellnated 
BET/GFRa-exoresslne neurons reouires GFLs for 
survival during normal develoDmenl in wvq because 
mice that lack GFRa2 mF. su or GFRa3 (REf. have 
normal numbers of SDtna) and trigeminal sensorv 
neurons. The reason whv the survtvai of these neurons 
in culture issuDOorled bv GFLs*" could be related to 
axotonw-Uiduced changes in wfro 

The functional tdentltv and Dhvsiological role of 
NRTN-resDonslve somatosensory neurons has been 
studied using acute soinal sensorv neuron cultures and 
SKIN.NEKVH pREnvRATioNs from aduU GFRa2-deficicnt 
mice". The results show that GFRa2 signalling regulates 
noxious heat transduction of an lB4-blnding subooou- 
lation of sensorv neurons. Although NRTN oromotes 
neurite outgrowth from GFRa2'exDressing neurons In 
sensorv ganglion exolants before birth", tlte number of 
unmvellnated sensorv axons in the cutaneous nerve Is 
not reduced in adult GFRa2-dencient mice. However it 
is not known whether the nerve terminals (free nerve 
endings) in the skin are affected. So. the develooment or 
maintenance of a functional heat-U-ansduction aooara- 
t\is in a subooDulation of nociceotors seems to reauire 
NRTN. Sensorv function and target innervation in 
ARTN- or GFRaS-deficient mice have not been studied 
so far. Taken togellier tiie results indicate that GFb have 
roles tliat are orobablv not related to survival in several 
subooDulationsof orimarvsetisorv neurons, but their 
SDcciflc in vr'voroles are stiH oooiiv understood. 

M0torneurons Troohic factors that are oroduced bv 
muscle and glial cells act svnergisticallv to suooort 
motor neuron survival". During develooment GDNF 
is oroduced orimarllv bv Schwann cells. TTiere is a 
substantial loss of soinal and cranial motor neurons 
(20-40% deoendlng on the region), and a corrcsoonding 
Increase In dving cells, in GDNF- and GFRa I -deficient 
mouse embrvos comoared with wild-tvoe controls^. 
Accordingly orellminarv studies of /ilsf-knockout mice 
Indicate significant losses in all motor neuron ooDula- 
tions examined (R. OoDenheim. oersonal communica- 
tion). Conversed, motor neuron survtvai Is oromoted bv 
the musde-aKcUic overexoresslon of Gdnf or bv GDNF 
treatment in utera indicating that GDNF Is indeed a 
Dhvslological survival factor for a subooDulalion of 
motor neurons**. Although exogenous NRTN suooorts 
motor neuron survival, this Is largely mediated bv 
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GFRa 1 . al leasl in culture. Accordlnslv. no clear loss of 
motor neurons Is found In mice that lack GFRa2 (RFF. 53i. 

Continued subcutaneous Iniecttons of GDNF (but 
not NRTN) during oostnalal life", or transcenic over- 
exoression of GDNF in skeletal muscle (starting after 
the oeriod of orofirammed cell death)^'. oroduce hvoer- 
Innervation of neuromuscular (unctions fwlth abnormal 
motor enddates), which Is maintained In adults. GDNF 
seems to induce this extra innervation bv oromotine 
terminal branching that counteracts the ongoing 
multlDle-svnaose eliminatloa resulting In continuous 
svnaotic remodelling at the neuromuscular lunction (an 
eaulllbrlum of axon extension and retraction). These 
results Indicate that the main role of GDNF in oostnatal 
motor neurons Is to oromole terminal axon branching 
and svnaose formation^ (FIG. si. 

Dajanineneurons GDNF and UFSTH are Dotent sur- 
viva! factors for midbrain dooamine neurons. However, 
onhr GDNF can oromote axon growth and hvoertroohv 
of these neurons". Both factors seem to signal through 
the GFRal-RETreceDtorcomolex. which is oresent on 
develoDing and mature dopamine neurons. However, 
anal vsis of knockout mice has sliown that GFRal-RET 
signalling is not essential for the embrvonic develon- 
ment of dooamine neurons in wfvtf , But GDNF could 
still be reouired for oostnatal devciooment. mainte- 
nance and/or olasticitv of dooamine neurons, and for 
their striatal tamet innervation. Tills is indirectly suo> 
Dorted bv the observation that GDNF Is exoressed 
orominentlv in the striatum during the first few oost- 
natal weeks, when dooamine neuron target innervation 
is taking olace. Alsa in contrast to neurons from wtld- 
tvoe mice. Unnsolanled embrvonic midbrain dooamine 
neurons from GDNF-deficient mice fail to survive and 
to innervate adult I -methvl-4-Dhenvl- 1.2.3.6- letra- 
hvdroDvrldlne fMPTPVdenervated striatal tissue". 
Moreover, antisense inhibition of GDNF expression 
reduces dooamine axonsDrouilng on striatal Iniurv^. 
Results from conditional -knockout mice that do not die 
after birth will be needed to determine whether endoge- 
no\JS GDNF signalling is reouired for oostiiatal survival 
or target innervation of dooamine neurons. 

Clinical Dotentlal and oltfalls 
Since their discoverv GFl-s have received attention as 
DOtcntial dieraoeutic agents for the treatment of certain 
neurological diseases. Below, we discuss some recent 
findings that illustrate their clinical Dotcntlal. Side 
effects. Including weight loss and certain tumours", that 
might arise after svstemic administration could be 
avoided bv local delivery. 

MotonmjmdlsBBS& SclaUc nerve axolomv increases 
the exoression of GDNF In the denervated muscle, of 
GDNF and GFRal In the Schwann cells, and of RET 
and GFRal In the Iniured motor neurons. Axotomv 
also stimulates the release of soluble GFRal from 
fK^'^^'ii Schwann cells'. Hxogenouslv administered GDNF can 

tNTRATHECAt, 

A(lininbifrwluit«n»r(njrpr suDDort long- term motor neuron survival and axon 
simxli tii (Iw sxArvH cnrd regeneration after oerloheral nerve Iniurv in newborn 



or adult animals". Whether GDNF together with solu- 
ble or matrix-bound GFRal . could further facilitate 
motor neuron regeneration would merit further studv. 

Becentlv two related lAft. NAI? fneuronal-aooDtosts- 
inhibitorv orolein) and XIAP fX-llnked inhibitor of 
aoootosisl. were shown to be essential for the GDNF- 
medialed rescue of axotomlzed motor neurons*'. The 
exoression of these lAPs In motor neurons ts unregulated 
bv exogenous GDNF but not bv BDNR Imoortantlv. 
downregulallon of lAP expression abolished the 
survlval-oromoting effect of GDNF but not that of 
BDNF indicating that intracellular survival mechanisms 
that arc activated bv GFLs and neurotroohins are dif- 
ferent It is not known whether lAPs have a role in the 
ohvsiological cell death of GDNF-deoendent motor 
neurorc. or whether ihev conU-ol anti-aooototic effects 
in other GFL-dcnendent neuronal oooulaUons. 

SsnsarvraEnemUw mninemxsatMcosiin Perioheral 
nerve iniurv often leads to chronic neurooathic oain. 
The oerslstent nature of thissvmDlom indicates abnor- 
mal olasticitv changes In scnsorv oathwavs. Neuro- 
UDohins seem to be Involved as blocking antibodies can 
orevent hvoeralgesla in models of neurooathic oain". 
Recently. McMahon's erouo has shown that exogenous 
GDNF can orevent several al»tormal axotomv-lnduced 
changes in sensory neurons. Including A-llbre sorout- 
ing into lamina H. In resoonse to oerioheral nerve 
iniurv RET- ex Dressing sensorv neurons also sorout 
around other sensorv neurons, oossibiv as a resoonse to 
local GFL oroduclion". Imoortantlv tNTitATKFCAt. 
GDNF oroduces ootent analgesic effects in neurooathic 
models of oain. in oart bv reversing inlurv-induced 
changes in Na* channel subunit exoression". In con- 
trast to NGF intrathecal GDNF does not seem to affect 
oain sensation In normal animals^. 

Damaged sensorv axons can normallv regenerate In 
the oerioheral nerve over long distances, but are unable 
to enter their central target area — the solnal cord. 
Surorislnglv chronic inmithecal treaUnent with NGF or 
GDNF can overcome this: after donal root iniurv. these 
factors cause sensorv axons to regenerate back into the 
solnal cord and form functional connections with dielr 
normal target cells, therebv rescuing sensorv function*'. 
This studv has clinical relevance for other sensorv diso*- 
dens. including diabetic neurooathv. in which the GDNF- 
resoonsive sensorv axons are oarticularlv vulnerable^. 

As different suboooulations of sensorv neurons 
exoress receolors for GFLs and neurotroohins. the com- 
bInaUon of growth factors from the tv/o families would 
be exoected to be beneficial for sensorv regeneration. 
The combination of different GFLs. oossibiv with solu- 
ble GFRa receotors. might oromote ftmcUonal legener- 
atlon and orevent abnormal changes even better than 
GDNF can alone. However, this might also lead to com- 
olex interactions. For examole. GFRa3. which is ud- 
regi]lated in mast noclceotors after axotomv^*^ and. In 
contrast to GFRal and GFRa2. is exoressed little out- 
side sensorv neurons in adults, would seem an attractive 
drug target for oain-related studies. However. GFRa3 
sisnalling might inhibit GFRal and GFRa2 signalling. 
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Box 1 1 GDNF'famllv llaands and svnaotic function 
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as shown In oostnaial sensorv neurons in \/itrd\ Cleaiiv. 
further studies — for examole, usineGFRa-knockout 
mice — are merited. 

tsdiaemia. In exoerlmental modeb of focal Isdiaemia. 
exoeenous GDNF administered before" or lust after** 
anoxia can reduce tschaemic brain Inlurv. The adult 
brain can resoond to GDNF. as RET and GFRal show 
wtdesoread uoresulatlon In neurons, and in cells that 
seem to be non-neuronal. in the forebrain after 
tschaemia*^. Interest! nelv. In cultures of cortical neurons. 



GDNF canncH orevenl aooototlc cell death hut prevents 
excltoloxlc (necrotic^ neuronal death bv reduclne 
NMDA fN-methvi-D-asoartatel-receDtor-medlaledCa'* 
Influx throuffh anERK fextracellular-slffnal- regulated 
klnase)-deDendent oathwav^". So. to be beneficial, 
GDNF would Dtobablv have to be administered tn the 
early ohase of stroke. Further work will be necessary to 
clarify the mechanisms of acUon of GDNF /p vivo Small- 
molecule comoounds thai act downstream of GDNF. 
such as NMDA receotor antagonists, could reoresent 
more oracUcal theraoeutic atrcnts for Ischaemla. 

Gaf/eostf After different tvues of seizure. GDNR NRTN 
and their co-receolors are differentlallv remilated In 
neurons, and RETts uorcculated also In seemlnslv non- 
neuronal cells in the hloDOcamaus and other limbic 
structures'. Eolleotoeenesls. as assessed In the hlooo- 
camoal KiNDtmn model, is markedly suooressed in 
GFRa2-def1cient mice". Although InvesUffaUons in this 
area are still in their infancy, the results indicate that 
GFRa2 slenallinffconUibutes to the develooment and 
oerststence of klndline eoilcDsy. and that GDNF and 
NRTN mleht modulate seizure susceotlbllity, 

ftrWnsQffetfSBBffi Current theraov for Parkinson s dis- 
ease is svmotomatic — It does not slow down or reverse 
the underlying degeneration of midbrain dooamine 
neurons. In various animal models of Parkinson's dis- 
ease. GDNF can orevent tlie neurotoxin- induced death 
of dooamine neurons and can oromole functional 
recovery (reviewed tn REF. n). However. GDNF that was 
delivered into the lateral ventricles of a oatlent with 
Parkinson's disease was inefficient and caused severe side 
effects. Including weight loss". Recent tmoiDvements In 
GDNF delivery in animal models of Parkinsons disease 
include heoarin co administration, which increases GFL 
sorcad^ novel viral vectors" and enerafted GDNF- 
oroduclng neuronal stem cells'^ which maintain high 
levels of GDNF oroducUon. The site of GDNF adminis^ 
Option is clearly Imoortant because chronic delivery of 
GDNF into the striatum does not cause weight loss, can 
□reserve dooamine terminals and oromotcs functional 
suiatal dooamine Innervation". Combined with safely 
measures, including means to control gene cxoressioa 
these new vehk^es for GDNF delivery look oromising for 
Parkinson's disease theraov". However, it is unclear how 
well the neurodegenerative mechanisms In the models 
that have been used so far reoresent the natural disease 
orocess in the oarkinsonian brala stressing the need for 
new genetic models. 

AdcSdlai The abuse of osvchostlmulant drugs Induces 
behavioural sensitization, a form of douamlne-mediated 
neuronal olastlcltv'*. Chronic admlnlstraUon of nsvcho* 
stimulants, such as cocaine or morohlne. induces long- 
lasting neuronal changes tn the ventral tegmenlal area 
(VTA), the origin of mesollmbic and mesocortical 
dooamine neurons. Learning, memory and drug addic- 
tion share certain Intracellular signalling cascades. Includ- 
ing deoendence on the activation of the transcrioilon 
factor CREB. So. neurotroohic factors that regulate 
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dooamine neuronal olasllcitv miffht also reeulale dru0 
addiction. Recent data from the Nestler laboralorv 
showed thai Infusion of GDNF into the VTA blacks 
certain biochemical adaptations to chronic cocaine and 
morohtne. as well as the rewarding effects of cocaine 
Gdhf-helerozvgous mice that were elven monohlne for 
several davs showed enhanced focomotor sensitization 
after drue withdrawal compared with wlld-tvoe con- 
trols. Interest indv. chronic cocaine or morohlne 
administration decreased RET ohosohorvlatlon levels, 
tndlcattne that these drues decrease sl0nall)n0 bv 
endogenous GDNF oalhwavs In the VTA. The Intra- 
cellular slenallins mechanisms through which GDNF 
inhibits dra& addiction are not known. Finally. It would 
be oflnterest to test the effects on dru? addiction of 
comoounds that either Inhibit or sDeclflcallv activate 
RETslffnallln?. 

Conclusions and future directions 
Tlie olcture of GFLslenalllne is still unclear, with 
manv t^aos in our understandin(? and some oieces of 
data that do not seem to fit with the rest. From the 
work discussed above. U might seem that GFLs are 
Involved In almost everv asoect of a neuron's life, from 
cell DFoliferaUon and mleratlon to u^nsmitler release 
and neuronal excUabllltv fncs 4 and s: box il. This 
raises Imoortant auesUons about orimarv versus sec- 
ondarv roles of GFLs. and about the speclftcUv of GFL 
sienalllni?. Wliv should Darasvmoathetic neurons need 
to switch their deoendencv from GDNF to NRTN If 
these factors can elicit tliesame biological resoonses bv 
activatinir similar sienallini? oathwavs throuffh RET? 
The evolution of this synergistic transcriotional switch 



Indicates that different GFLs have unioue skills. For 
examole, GFLs mlcht differ in their ranffe of action (as 
determined bv their affinity for the extracellular 
matrixV or in their ability to activate RET in transor to 
sienal Indeoendentlv of RET 

Another Issue Is how the same GFL Induces different 
biological resoonses at different develoomentalstaces or 
In different cell tvoes. Presumably, mechanisms that 
influence GFL resoonses. Including soluble GFRa 
^eceDlars'^ intracellular signalling molecules, and svn> 
ergistic factors and their receotors. show age- and 
celUsoeclfic exoression. Expression of In autonomic 
neurons is regulated by a comolex action of transcrlo- 
tion factors, including Pliox2b*. Pax3 and SoxlO nar an. 
but we still know relatively little about the regulation, 
synthesis, secretion and extracellular-matrix associa- 
tion of the GFLs and GFRa receotors. Studies on the 
evolution andcell^biological asoectsof GFLs and their 
receotors are also In an embryonic chase. 

New tools, such as modern imaging aooroaches 
and knock-In mouse models, should helo us to under- 
stand the in vfvi>funcUons of various RET- signalling 
comoonents during develoomentTissue-sDecinc and 
inducible knockouts, as well as function- blocking 
antibodies, will allow us to exolorc the functions of 
RETslenalling in the adult rodent nervous svstem. 
New technologv. such as ON A arravs. will enable us 
to determine which genes regulate or are regulated bv 
GFLs. Structural information about the GFL receo- 
tors and their Comdexes with GFLs will be needed if 
WQ are to understand the molecular details of Ugand- 
rcceotor interactions, and Is a orereauisite for rational 
drugdesiga 
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Abstract Neurotrophins signal via a dual-receptor system 
comprising receptor tyrosine kinases, the Trks, and a tu- 
mor necrosis factor (TNF) receptor like molecule, p75. 
Interest in these receptors was spurred on by the finding 
that they are employed by their neurotrophin ligands to 
activate opposing cellular mechanisms. Signalling via 
Trk receptors promotes the survival of embryonic neu- 
rons, whereas activation of p75 can trigger apoptosis. 
However, this antagonistic view is an oversimplification. 
It is more accurate to refer to this system as a signalling 
network in which ligands, receptors and their intracellu- 
lar target proteins are linked by balanced biochemical in- 
teractions. This article reviews recent advances in our 
understanding of these molecular mechanisms which 
critically determine many cell-type-specific responses to 
neurotrophins. Emphasis is given to the formation of re- 
ceptor complexes, the generation of receptor diversity by 
alternative splicing and the influence exerted by the local 
membrane environment on neurotrophin signalling. 

Keywords Trk • Receptor tyrosine kinase • 
Neurotrophins • p75 • Ceramide • Alternative splicing • 
Internalization • Retrograde transport 



Introduction 

Neurotrophins are vertebrate-specific growth factors 
which predominantly act on nerve cells. During develop- 
ment, they regulate neuronal survival and differentiation 
and control the chemotropic orientation of neurites in vi- 
vo (Tucker et al. 2001). In the mature nervous system, 
their role in activity-dependent neuronal plasticity de- 
fines them as prime candidates for regulators of higher 
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systemic brain functions (Thoenen 1995; McAllister et 
al. 1999). The neurotrophins, their biological effects and 
also the intracellular signalling pathways of their recep- 
tors have been the subject of a number of recent reviews 
(Friedman and Greene 1999; Bibel and Barde 2000; 
Dobrowsky and Carter 2000b; Chao 2000; Kaplan and 
Miller 2000). In the following, I will focus on key mech- 
anisms for determining the cellular responses to neuro- 
trophins: the molecular interactions between ligands and 
receptors occurring at the plasma membrane of respon- 
sive cells. 



The neurotrophins and their receptors 

At the cellular level, responses to neurotrophins are 
highly diverse, cell-type specific and not uncommonly 
seem paradoxical: neurotrophins can cause cells to pro- 
liferate or withdraw fi-om the cell cycle, to grow or to 
shrink and they can protect cells from apoptosis or kill 
them. However, from a genetic point of view, the recep- 
tor/ligand system used to generate these diverse phenom- 
ena is simple. In higher vertebrates, it derives from only 
four genes encoding growth factor ligands (NGF, BDNF, 
NTS and NT4/5), and another set of four genes encoding 
their receptors: the three trk receptor tyrosine kinase 
genes {trkA, trkB and trkC) and the single gene encoding 
the neurotrophin receptor p75NTR^ a member of the TNF 
receptor family (Fig. 1). The Trk receptors mediate the 
classical antiapoptic effects of the neurotrophins (but see 
Kim et al. 1999), whereas p75 can trigger apoptosis (for 
a review, see Dechant and Barde 1997). 

The receptor-ligand relationships between the neuro- 
trophins and their receptors were mostly elucidated with 
cell lines overexpressing the receptors in recombinant 
form. In such cell-line paradigms, p75 binds all neuro- 
trophins with similar binding properties, while the Trk 
receptors are more selective in their ligand interactions, 
but to varying degrees. While TrkC binds only one neu- 
rotrophin (NT3), TrkA binds two (NGF, NTS) and TrkB 
three (BDNF, NT4/5, NTS). 
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Fig. lA, B Neurotrophins bind to two types of transmembrane re- 
ceptors. A The Trk family of receptor tyrosine kinases (TrkA, B, 
C) is characterized by a specific combination of structural mo- 
tives: In their extracellular domains three tandem repeat leucine- 
rich motives are flanked by two cysteine clusters. The main con- 
tacts between the Trk receptors and their ligands occur within two 
Ig-Iike C2 type domains. The protein sequences of the intracellu- 
lar, enzymatically active, tyrosine kinase domains are highly con- 
served in the three receptors. B The second type of neurotrophin 
receptor is p75. This molecule, previously known under the name 
of NGF receptor or low-afFmity neurotrophin receptor, interacts 
with all four neurotrophins. Its protein structure defines it as a 
member of the TNF-R/fas family of receptors. Binding of its neu- 
rotrophin ligands occurs mainly within the four cysteine-rich do- 
mains in its extracellular part. The intracellular domain remotely 
resembles the death domains found in several members of the 
TNF-R/fas family 



For the Trk receptors, the physiological relevance of 
these biochemical interactions was unequivocally con- 
firmed by the congruous phenotypes of mice with target- 
ed mutations in genes encoding Trk receptors and their 
ligands, especially in the peripheral sensory nervous 
system. However, the analysis of these animals also left 
open a number of important questions. The brains of de- 
veloping Trk knockout mice turned out to be surprisingly 
unaffected, despite a widespread expression of Trk re- 
ceptors in the developing CNS. Even in PNS neurons, 
Trk receptor expression is not synonymous with neuro- 
trophin responsiveness. Ectopic expression of TrkA in 
primary neurons failed to render these cells NGF respon- 
sive at a developmental stage in which they critically de- 
pend on trophic support (AUsopp et al. 1993). The ob- 
served cellular responses of many Trk-expressing cells 
are not uniform. Depending on the cell type, ligand spec- 
ificity, binding affinities, dose response curves as well as 
duration and magnitude of Trk receptor activation can 
vary substantially. This fine-tuning in the biochemistry 
of the receptors is potentially highly significant for the 
physiology of the neurotrophins. Many cells have the in- 
trinsic capacity to amplify differences in the magnitude 
and duration of tyrosine receptor kinase activation and to 
translate them into very different cellular responses 
(Bonni and Greenberg 1997). 

The problem is even more pronounced in the case of 
p75, the second type of neurotrophin receptor. The p75 



protein is expressed in a variety of tissues and the gene is 
highly regulated both during development and in adult 
neuronal lesion paradigms. While p75 was previously 
considered a simple accessory protein for the Trk recep- 
tors, it has now come to light that it is an actively signal- 
ling receptor, although lacking intrinsic enzymatic activi- 
ty (reviewed in Dechant and Barde 1997). Yet, many 
cells expressing p75 at substantial levels show no obvi- 
ous functional response upon stimulation with neurotro- 
phin ligands. Moreover, many tissues in which p75 is ex- 
pressed in a highly dynamic pattern during embryonic 
development appear perfectly intact in mice lacking full- 
length p75 (Lee et al. 1992). Furthermore, while p75 
binds all neurotrophins with similar affmity in overex- 
pression paradigms, its signalling can be highly ligand 
specific (Carter et al. 1996b). This is likely to reflect, at 
least in part, cell-type-specific differences in the bio- 
chemistry of p75 as opposed to differences in the expres- 
sion of components of its signalling cascades. Many of 
the recently identified protein interactors of p75 appear 
to be widely, if not ubiquitously, expressed (for a review, 
see Bibel and Barde 2000). Hence, the expression pattern 
of these intracellular interactors can be used to predict 
responses to neurotrophins even less than that of p75 it- 
self. 

Hence, it seems that the reaction of cells to stimula- 
tion with a neurotrophin is strongly influenced by cell- 
type-specific interactions already occurring at the plasma 
membrane. For a comprehensive understanding of the bi- 
ological effects of the neurotrophins, it is therefore cru- 
cial to investigate the molecular interactions of their re- 
ceptors in specific cellular environments. 



Receptor-receptor complexes 

Biochemical experiments indicate that neurotrophin re- 
ceptors form three different types of complexes: homodi- 
mers of Trk receptors, homomeric p75 receptors and a 
mixed complex of unknown stoichiometry containing 
both Trk and p75 (Fig. 2). In the fi*equently observed 
case of cells coexpressing Trk and p75 receptors, these 
complexes should coexist and may be linked through 
biochemical equihbria. Functionally, their signalling can 
be independent, synergistic or antagonistic. The response 
of a cell to neurotrophins may hence be determined by 
the quantitative and qualitative composition of its recep- 
tor complement in combination with biochemical equi- 
libria between pools of active and inactive receptors. 



Trk receptor dimerization 

The signalling of Trk receptors is triggered by the forma- 
tion of homodimeric complexes. Biochemical evidence 
was provided for functional dimeric TrkA receptors in 
the absence of p75 (Jing et al. 1992). In cell lines over- 
expressing Trk receptors but not p75, distinct binding 
sites are detected for the preferred ligands which differ 
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Fig. 2A-C Neurotrophin receptor complexes. The neurotrophin 
receptors form complexes within the plasma membrane. Biochem- 
ical evidence has been provided for homodimeric Trk receptors 
(A), for complexes between p75 monomers (B), and for mixed 
complexes containing both Trk and p75 receptors (C). Formation 
of these complexes often correlates with higher ligand affinity and 
specificity 



1991; Carter et al. 1996a). The equilibrium between mo- 
nomeric and dimeric p75 receptors appears to be shifted 
by serine-threonine phosphorylation of the receptor 
(Grob et al. 1985). The binding curve of neurotrophins to 
p75 on PCNA cells, a cell line which lacks Trk recep- 
tors, displays a ligand-specific allosteric behaviour indi- 
cative of equilibria between complexes of unknown stoi- 
chiometry (Dechant and Barde 1997). p75 sites of low 
and high affinity can be detected on primary neurons and 
cell lines in the absence of the corresponding Trk recep- 
tor (Dechant et al. 1997; Ross et al. 1998). At least for 
NT3, the high-affinity state of p75 receptors on neurons 
is linked to a higher ligand specificity (Dechant et al. 
1997). 



about 100-fold in their ligand affinities (Klein et al. 
1991; Sqinto et al. 1991; Dechant et al. 1993; Lamballe 
et al. 1991). Although the affinities of monomeric and 
dimeric Trks have yet to be determined in direct binding 
experiments, it is likely that the high-affinity binding 
sites reflect dimeric receptors, whereas the low-affinity 
sites are monomeric. Cell-type-specific shifts in the 
monomer-dimer equilibrium of Trk receptors provide 
one reasonable explanation for the observed variability 
in the activation kinetics of Trk receptors by neurotro- 
phins (Kntisel et al. 1994). While this equilibrium may 
be predominantly a function of Trk expression levels 
(Hempstead et al. 1992), work with other receptor tyro- 
sine kinases suggests that it is also influenced by differ- 
ent cellular mechanisms, such as the activity of tyrosine 
phosphatases (reviewed in Weiss et al. 1997). Recently, 
crystal structures of the ligand interaction domains of 
all three trks have been solved (Ultsch et al. 1999), Al- 
though the stoichiometry between ligands and Trk recep- 
tors in the naturally occurring complexes is unknown, it 
is interesting to note that the structure of the NGF com- 
plex with the soluble second IgG domain of TrkA dis- 
plays twofold symmetry with two identical TrkA interac- 
tion domains in the NGF dimer (Wiesmann et al. 1999). 
Thus, a single NGF dimer should be sufficient to stabi- 
lize one TrkA dimer. 



p75 receptor complexes 

The stoichiometry of actively signalling p75 complexes 
is elusive. The closest structural and functional p75 ho- 
mologues, the receptors of the TNF-R/fas family, signal 
as trimers. By analogy, the formation of higher-order 
complexes or aggregates of p75 may be required for its 
signalling (but see Wang et al. 2000). This is also indi- 
cated by the finding that monomeric and dimeric p75 re- 
ceptors interact with different intracellular proteins (Ye 
et al. 1999). Biophysical measurements revealed that p75 
can form clusters (Venkatakrishnan et al. 1991). Bio- 
chemically, at least homodimeric complexes of p75 can 
be identified (Grob et al. 1985; Meakin and Shooter 



Mixed p75-Trk receptor complexes 

The finding that p75 physically interacts with all three 

Trks receptors adds an interesting twist to the physiology 
of neurotrophin receptors (Huber and Chao 1995; 
Gargano et al. 1997; Ross et al. 1998; Bibel et al. 1998). 
For receptor tyrosine kinases, it is not imusual that they 
interact with accessory receptor proteins in order to 
achieve a higher binding affinity and ligand specificity, a 
prominent example being the ret tyrosine kinase and its 
alpha coreceptors. However, amongst the numerous 
TNFR/fas receptor family members, p75 is exceptional 
to date in its association with a receptor tyrosine kinase. 
The formation of mixed complexes may, at least in part, 
explain the well-documented reciprocal modulatory ef- 
fect of Trk and p75 coexpression on ligand interactions 
and signalling fiinctions (reviewed in Bothweli 1995; 
Majdan and Miller 1999). However, at present the physi- 
ological significance of the direct binding of Trk and p75 
receptors remains to be firmly established. One impor- 
tant open question is whether heteromeric neurotrophin 
receptors exist on neurons. Furthermore, it will be cru- 
cial to answer the question of whether heteromeric 
p75/Trk complexes possess signalling capacities which 
are principally different from those of the homomeric 
Trk or p75 receptors. In vitro, the effects of coexpression 
with p75 on Trk receptor function are remarkably com- 
plex. For example, coexpression with p75 sensitizes 
TrkA for NGF and desensitizes it for NT3 (Benedetti et 
al. 1993; Verdi et al. 1994). Interestingly, the effect of 
p75 on TrkB appears to be variable and dependent on the 
cellular system (Bibel et al. 1998; Vesa et al. 2000). The 
autophosphorylation of TrkC in response to NT3 was re- 
ported to be not changed by coexpression with p75 (Vesa 
et al. 2000). These results clearly indicate that p75 inter- 
acts differently with the three types of Trk receptors and 
that results obtained with one type of Trk receptor should 
not be extrapolated to the others. 

Trk and p75 receptors are coexpressed in embryonic 
primary sensory and sympathetic neurons, and mixed 
Trk/p75 complexes are the most likely explanation for 
the so-called high-affmity binding sites observed on 
these cells (reviewed in Dechant et al. 1994). These 
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cells are the classical targets for the anti-apoptotic func- 
tion of the neurotrophins in the developing PNS and re- 
present the most thoroughly investigated paradigm of 
neurotrophin receptors on primary neurons. For these 
cells, a correlation could be established between the 
presence of high-affinity binding sites and neurotrophin 
responsiveness. Binding data of neurotrophins to prima- 
ry CNS neurons are sparse, but it is interesting to note 
that high-affinity binding sites for BDNF and NT3 
could not be detected on cerebellar granular neurons ex- 
pressing high levels of TrkB and TrkC but small 
amounts of p75 (Lindholm et al. 1993). Neuronal high- 
affinity receptors might be an adaptive and transient 
specialization of embryonic long projection neurons at a 
stage when they are in competition with their neigh- 
bours for trophic support. In mature and central neurons, 
neurotrophins regulate events occurring on a much fast- 
er time scale (Kafitz et al. 1999), and binding sites with 
lower affinity but faster kinetics might then be of advan- 
tage. 



Interactions between neurotrophin 
receptor complexes 

The different receptor types, sending distinct and some- 
times opposing biological signals, make the neurotrophin 
signalling machinery a challenging model case to study. 
A likely scenario is that multiple components in this net- 
work are connected by biochemical equilibria, e.g. be- 
tween pools of monomeric and multimeric receptors and 
between unoccupied and liganded receptors. 

For the Trk receptors, ligand-dependent dimerization 
is the dominant, but not necessarily exclusive, means of 
activation since autoactivation in the absence of ligand 
is observed with cell lines. Much less evident is the role 
of ligand interactions for the activation of p75. Stimula- 
tion of cell death through p75 receptors has been report- 
ed in vitro both in the absence and presence of ligand, 
whereas ligand-induced cell death prevails in vivo (for a 
discussion, see Dechant and Barde 1997; Bibel and 
Barde 2000). Since p75 interacts physically with all 
three Trk receptors, it is conceivable that TrkA, TrkB 
and TrkC receptor complexes cross-talk to each other 
through p75, providing a physical link between them. 
An additional level of complexity is added by the ligand 
promiscuity of both p75 and Trk receptors. What, for 
example, is the impact of the presence or absence of p75 
on the interaction of TrkA and TrkB with their non-pre- 
ferred ligand NTS? While, at first glance, this might 
seem an academic question, it appears to be of physio- 
logical significance in vivo (see below). In cell culture 
models, the interplay between p75 and Trk receptors is 
different depending on which ligand is bound to p75. 
Saturation of p75 with BDNF reduces TrkA signalling 
on PC 12 cells and kills sympathetic neurons (MacPhee 
and Barker 1997; Bamji et al. 1998), whereas p75/NGF 
interactions augment TrkA signalling and neuronal sur- 
vival (Davies et al. 1993; Verdi et al. 1994; Barker and 



Shooter 1994). However, it must be clearly stated that 
interactions between p75 and Trk are not restricted to 
physical association of the proteins. Cross-talk of their 
downstream signalling mechanisms is now amply docu- 
mented. Of particular relevance are antagonistic interac- 
tions between p75 and Trk signalling cascades for the 
regulation of apoptosis (reviewed in Majdan and Miller 
1999). 

For a genetic analysis of the cross-talk occurring be- 
tween neurotrophin receptors, the mice lacking the full- 
length form of p75 proved to be extremely useful (Lee et 
al. 1992). In these mice, cell numbers are increased in 
neuronal structures both during development and in le- 
sion paradigms by interference with two different p75- 
dependent mechanisms. Consistent with the role of p75 
as a death receptor, cells survive in the p75 mutant mice 
which are actively killed by p75 in wild-type mice 
(Frade and Barde 1999). Along the same line, a recent 
report provides genetic evidence for the activation of 
caspase-3 through p75 in trigeminal neurons (Agerman 
et al. 2000). However, an increase in the number of neu- 
rons in mice lacking full-length p75 can also result from 
a completely different mechanism. Consistent with in 
vitro and in vivo results which have demonstrated that 
p75 impairs NT3 signalling through TrkA, the functional 
interactions of NT3 with TrkA are facilitated in the ab- 
sence of full-length p75. This allows NT3 to substitute 
more efficiently for a missing NGF allele in p75 mutant 
mice compared with wild-type animals (Brennan et al. 
1999). 



Altemative splicing of neurotrophin receptors 

All four neurotrophin receptor genes are expressed in 
multiple naturally occurring protein isoforms which are 
generated by altemative splicing of their primary gene 
transcripts (Fig. 3a). 



Extracellular Trk receptor isoforms 

Splicing of a small exon occurs in the extracellular do- 
main of TrkA (Barker et al. 1993; Clary and Reichardt 
1994) and TrkB (Strohmaier et al. 1996; Gamer et al. 
1996). Both the TrkA and the TrkB isoforms have al- 
tered ligand interactions compared with the full-length 
receptors. The TrkB splice variant binds BDNF with 
similar affinity to that of its wild-type counterpart, but 
has reduced affinities for NT4/5 and NT3. It is present in 
chick and man (Hackett et al. 1998), but could not be de- 
tected in rodents so far. In the chick, the two TrkB iso- 
forms are differentially expressed in neuronal subpopula- 
tions (Boeshore et al. 1999). The corresponding TrkA 
variants differ in their interaction with the non-preferred 
ligand NT3 (Clary and Reichardt 1994). This effect is 
observed in PC 12 cells but not in fibroblasts, and the dif- 
ference may lie in the presence or absence of p75. The 
sterical mechanism for the changes in ligand affinity and 
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Fig- 3A-C Alternative splicing of Trk and p75 receptors. A Alter- 
native splicing has been described for all Trk receptors. TrkA and 
TrkB transcripts are alternatively spliced at a small exon in their 
extracellular domain. The corresponding protein isoforms depicted 
here, full-length TrkB {FL-TrkB) and short TrkB (TrkB-S), differ 
in the absence or presence of a short peptide stretch (arrow) and in 
their interactions with non-preferred ligands. B Alternative splic- 
ing of exons coding for intracellular protein domains occurs at 
TrkB and TrkC transcripts. TrkB.TI is an example of a protein 
isoform with a truncated tyrosine kinase domain. Such isoforms 
have been described for both TrkB and TrkC. In addition, TrkC 
isoforms exist such as TrKC.KI, which have peptide insertions in 
their tyrosine kinase domain. C Recently we have detected a pro- 
tein isoform of p75 (s-p75) which lacks cysteine-rich domains 2, 3 
and 4 due to alternative splicing of exon III of the full-length re- 
ceptor (FL-p75) 



specificity in these TrkA and TrkB variants remains to 
be established. The spliced exons encode short peptide 
stretches downstream of the second IgG domain, which 
forms the main binding pocket in all Trk receptors. Bio- 
chemical data suggest that this region of the wild-type 
TrkB receptor is functional in ligand binding (Haniu et 
al. 1997). Other TrkB variants with deletions in the leu- 
cine-rich domains completely lack ligand binding and 
signalling capacities (Ninkina et al. 1997). 



Intracellular Trk receptor isoforms 

Receptor isoforms have been described for TrkB and 
TrkC receptors with truncations or insertions in the tyro- 
sine kinase domains (Klein et al. 1990; Lamballe et al. 
1993) (Fig. 3b). Some of the corresponding transcripts 
are regulated in a very dynamic pattern and independent- 
ly of the regular tyrosine kinase isoforms. TrkC recep- 
tors, which contain peptide insertions in the tyrosine ki- 
nase domain, are phosphorylated in response to their li- 
gands, but are restricted in their signalling potential (see, 
for example, Gamer and Large 1994). The truncated 
TrkB isoforms can act as dominant negative inhibitors of 
the TrkB tyrosine kinase if both isoforms are expressed 
in cis on the same cell (Ninkina et al. 1996; Eide et al. 
1996). The same isoforms can also function as scavenger 
receptors in trans: they sequester BDNF and remove it 
from the extracellular space via internalization (Biffo et 
al. 1995; Alderson et al. 2000). Consequently, activation 
of the full-length TrkB tyrosine kinase is restricted both 
temporally and spatially. The interplay between the full- 
length and truncated variants of TrkB can be very intri- 



cate. The two forms regulate the dendritic growth of cor- 
tical neurons differentially. Expression of full-length 
TrkB in slice cultures favours growth of proximal den- 
drites, whereas the truncated variant promotes elongation 
of distal neurites (Yacoubian and Lo 2000). Recent stud- 
ies strongly indicate that truncated Trk receptor isoforms 
have intrinsic signalling capacity. Expression of the trun- 
cated TrkB.TI receptor triggers BDNF-mediated signal- 
ling in the absence of the full-length form, as detected by 
the acidification of medium (Baxter et al. 1997). More- 
over, overexpression of the same variant leads to detect- 
able morphological changes in a cell line (Haapasalo et 
al. 1999). A truncated form of TrkC promotes neuronal 
differentiation of neural crest cells, but only in the pres- 
ence of p75 (Hapner et al. 1998). 



Alternative splicing of the p75 gene 

We have recently found that the p75 gene is also ex- 
pressed in two isoforms (Dechant and Barde 1997). Al- 
ternative splicing of exon III occurs in human, mouse, 
rat and chick. The alternative transcript contains an open 
reading frame, which is translated into a novel, naturally 
occurring isoform of p75, which we have dubbed short- 
p75 (s-p75) (Fig. 3c). The spliced exon III encodes the 
cysteine-rich domains 2, 3 and 4 of the full-length pro- 
tein, which are essential for the binding of neurotro- 
phins. Consequently, s-p75 does not bind any of the neu- 
rotrophins with detectable affinity. The physiological 
role of s-p75 remains to be defined. Since the full-length 
receptor and s-p75 share an identical intracellular do- 
main, it seems likely that s-p75 binds at least some of the 
intracellular interactors of full-length p75. s-p75 retains 
the capacity of FL-p75 to interact with Trk receptors (M. 
Bibel, unpublished observation). Therefore, s-p75 may 
act as a naturally occurring modulator of FL-p75, with 
which it is coexpressed in many tissues (our unpublished 
results). As mentioned above, the relationship between 
ligand binding and activation of signalling is not unam- 
biguously defined for full-length p75. A ligand-indepen- 
dent activity of s-p75 is therefore also conceivable. The 
s-p75 transcript and protein are expressed from the avail- 
able mutated p75 allele, in which the alternatively 
spliced exon III has been targeted (Lee et al. 1992). We 
are currently investigating a novel complete p75 knock- 
out with a targeted exon IV (von Schack, Casademunt 
and Dechant, unpublished results). 



interactions of neurotrophin receptors 
with their local environment 

The signalling of neurotrophin receptors is modified by 
dynamic cellular processes such as changes in the lipid 
environment, intemalization into intracellular compart- 
ments, degradation and retrograde transport (Fig. 4). 
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Fig. 4 Neurotrophin receptor internalization. Neurotrophins and 
their receptor are taken up via clathrin-dependent mechanisms into 
small vesicles of poorly defined origin, which are sometimes re- 
ferred to as early endosomes. Endocytosed Trk receptors can be 
actively signalling inside the cell. Vesicular receptors have differ- 
ent fates. They can be recycled to the surface or undergo rapid 
degradation, most likely in proteasomes. Alternatively, they can be 
transferred via retrograde transport to the cell soma. Retrogradely 
transported neurotrophin signals are required for embryonic neu- 
ronal survival. Receptors and ligands are finally degraded in a ly- 
sosomal compartment in the cell soma of neurons 

Trk receptor subcellular distribution 

Neurotrophins predominantly act on nerve cells with 
their highly specialized and polarized shape. Hence the 
subcellular distribution of their receptors in synapses, 
dendrites and axons is potentially functionally relevant. 
Hov^ever, evidence for highly localized expression was 
so far obtained only for TrkB in postsynaptic structures 
on muscle fibres (Gonzalez et aL 1999). In the hippo- 
campus, TrkB is present in preparations of postsynaptic 
densities (Wu et al. 1994), but in overexpression experi- 
ments it appears to be only weakly enriched in this struc- 
ture (Kryl et al. 1999). Overexpressed TrkC and TrkB 
are uniformly distributed in hippocampal neurons and 
cortical slice cultures (Kryl et al. 1999) and p75 is also 
not differentially sorted in hippocampal neurons (Jareb 
and Banker 1998). Interestingly, in overexpressing fibro- 
blasts TrkB is colocalized with cadherin in sites of cell- 
cell contacts (Zhou et al. 1997). 



Caveolae and caveolae-related domains 

Dimerization and signalling of neurotrophin receptors 
are influenced by the lipid composition in the local 
membrane environment. Caveolae and caveolae-related 
domains (CRD) may represent hot spots of p75-Trk in- 
teractions (reviewed in Dobrowsky 2000a). p75 as well 
as Trk receptors and many of their downstream signal- 
ling targets have been detected in CRDs of fibroblasts, 
PC12 cells and neurons (Bilderback et al. 1997; Wu et 
al. 1997; Huang et al. 1999). Of particular interest in this 
context is ceramide, the product of sphingomyelin 
hydrolysis which is specifically produced in caveolae. 
Ceramide is involved in cellular responses to stress and 



participates in p55 TNF-receptor and fas signalling. 
p75 stimulates ceramide production in caveolae or CRD 
(Dobrowsky et al 1994; Bilderback et al. 1997), while 
TrkA receptor signalling abolishes p75-dependent cera- 
mide production (Dobrowsky et al. 1995). Caveolin-1 or 
caveolin-like proteins provide a potential link between 
these observations. Caveolin-1 binds directly to both p75 
and TrkA, but with different domains (Bilderback et al. 
1997, 1999). Overexpression of caveolin-1 in PC 12 cells 
decreases TrkA signalling and neuritic growth in re- 
sponse to NGF and inhibits TrkA phosphorylation in vit- 
ro, whereas p75-mediated sphingomyelin hydrolysis is 
stimulated (Bilderback et al, 1999). Level and duration 
of TrkA phosphorylation in PC 12 cells are influenced by 
ceramide in a biphasic manner. Signalling of NGF 
through TrkA is initially reduced in the presence of cera- 
mide, whereas at later time points it is stimulated. The 
short-term inhibitory effect of ceramide appears to result 
fi-om the activation of a serine threonine kinase that 
modifies TrkA (MacPhee and Barker 1997). In contrast, 
long-term ceramide treatment promotes the formation of 
TrkA homodimers and their autoactivation, even in the 
absence of NGF (MacPhee and Barker 1999). 



Neurotrophin receptor internalization 

Internalization of neurotrophin receptors into an intracel- 
lular compartment of small vesicles occurs via clathrin- 
dependent mechanisms (Grimes et al. 1997). TrkA 
strongly and rapidly stimulates its own internalization 
and the formation of clathrin-coated pits in PC 12 cells 
(Beattie et al. 2000). 

The vesicular organelles, into which the receptors are 
internalized, are not fully defined at present, but they may 
be of critical importance for neurotrophin signalling, es- 
pecially in neurons. From this compartment the receptors 
can take different routes leading to reappearance on the 
surface, degradation or retrograde transport (Fig. 4). 

The responsiveness of cells to neurotrophins is deter- 
mined by the ligand-accessible receptors on their sur- 
face. These receptors can be either newly synthesized or 
recycled from an intracellular pool of receptors in sub- 
membranous vesicles (Eveleth and Bradshaw 1988). 

The recruitment of stored intracellular receptor is reg- 
ulated by membrane depolarization in CNS neurons 
(Meyer-Franke et al. 1998) and the cell cycle in PC 12 
cells (Urdiales et al. 1998). Whether a Trk receptor is lo- 
calized on the surface or in vesicles determines not only 
its accessibility for ligand but also for intracellular pro- 
teins. Internalized and surface receptors are exposed to 
microenvironments which differ in their composition of 
lipids and signalling proteins. This provides an explana- 
tion for the finding that TrkA, depending on its rate of 
internalization, preferentially generates survival-promot- 
ing or neuritogenic signals (Zhang et al. 2000; Watson et 
al. 1999). Work performed with an NGF antibody com- 
plex, which interacts with TrkA but not p75, suggests a 
role of p75 in Trk receptor internalization (Saragovi et 
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al. 1998). The NGF complex is taken up more efficiently 
and faster compared to NGF alone (Saragovi et al. 
1998). This is accompanied by reduced MAPK activa- 
tion and neuronal differentiation. Hence, complexation 
with p75 might modulate TrkA internalization and there- 
by change its signalling spectrum (Gargano et al. 1997). 

Some neurons rapidly desensitize for BDNF through 
a loss of surface-exposed TrkB (Carter et al. 1995). In- 
terestingly, desensitization was not observed for NGF in 
this study. Activated and internalized TrkB, but not 
TrkA, receptors undergo rapid degradation in cerebellar 
granular neurons, which can be blocked by proteasome 
inhibitors. In domain-swapping experiments, the differ- 
ence between the two receptors was mapped to the iuxta- 
membrane domain, since this region of the TrkB receptor 
conferred NGF-dependent downregulation to TrkA ex- 
pressed in a neuronal cell line (Sommerfeld et al. 2000). 
The cellular mechanisms by which TrkB is targeted for 
degradation remain to be elucidated. 



Retrograde transport 

Another highly specialized neuronal mechanism which 
influences both temporal and spatial activity of neurotro- 
phin signalling is retrograde transport. This mechanism 
separates local neurotrophin effects, for example, on the 
neuronal cytoskeleton, from effects on neuronal survival 
and gene expression. Hence it is especially important for 
neurons projecting over long distances (recently re- 
viewed by Reynolds et al. 2000). All neurotrophins are 
retrogradely transported by receptor-dependent mecha- 
nisms. The composition of the retrogradely transported 
complexes appears to be different in a cell-type and neu- 
rotrophin-dependent manner. Evidence has been provid- 
ed that both p75 and the Trk receptors can mediate retro- 
grade transport alone and in combination (Curtis et al. 
1995, 1998). Retrogradely transported complexes can be 
actively signalling and can contain phosphorylated Trk 
receptors together with neurotrophins (Ehlers et al. 1995; 
Riccio et al. 1997; Grimes et al. 1997; Bhattacharyya et 
al. 1997). The biochemical and signalling properties of 
the complexes, their sorting mechanisms, the precise ori- 
gin of the retrogradely transported vesicle and the mech- 
anisms by which they are linked to the retrograde trans- 
port machinery have been the subject of recent investiga- 
tions (Johanson et al. 1995; Senger and Campenot 1997; 
Tsui-Pierchala and Ginty 1999). These processes, which 
occur in neurons at a considerable distance from the cell 
body, are rate-limiting determinants of the retrograde de- 
livery of neurotrophic signals to the cell body and hence 
are crucial for life and death decisions of nerve cells 
(Ure and Campenot 1997). 



Summaiy 

The biochemical interactions of neurotrophins with their 
receptors are complex. This complexity is generated with 



only four receptor genes by binding of ligands to multi- 
ple receptors, the formation of complexes between re- 
ceptor proteins, alternative splicing and interactions be- 
tween receptor and their local membrane environment. 
These mechanisms determine ligand affinity, ligand 
specificity and subsequently intracellular signalling. The 
molecular and biochemical properties of the neurotro- 
phin receptors on responsive cells are subject to precise 
developmental and cell-type specific regulation. These 
receptor modifications endow embryonic and adult neu- 
rons with the capacity to determine intrinsically when, 
how fast and at what concentration they respond to neu- 
rotrophins. Hence, cellular responses to neurotrophins, 
which can be as different as death or survival, are not ex- 
clusively generated by differences in the expression pat- 
tern of the receptors or their downstream signalling pro- 
teins. It appears that they are also profoundly influenced 
by rather subtle shifts in highly balanced biochemical 
equilibria. In the future, novel tools, which selectively 
interfere with the functions of the two types of neurotro- 
phin receptors, will help further to dissect this intricate 
network of protein interactions. Promising results have 
been obtained not only with antibodies (Weskamp and 
Reichardt 1991; LeSauteur et al. 1996), but also with 
small molecular weight compounds (Jaen et al. 1995; 
Niederhauser et al. 2000) and peptides (Longo et al. 
1997; Beglova et al. 2000). 
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RECEPTORS: A CONVERGENCE POINT 
FOR MANY SIGNALLING PATHWAYS 
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The neurolroDhlns are a famllv of oroteins that are essential for the develoomenl of the vertebrate 
nervous svslem. Each neurotroohin can slanal throuoh \\no different tvoes of cell surface receolor 
— the Trk receotor Ivroslne kinases and the d75 neurotroohln receotor. Given the wide ranoe of 
activities that are novi/ associated vtfilh neurotroDhins. it is orobable that additional reauiatorv 
events and sionallina systems are involved. Here. I review recent findlnas that neurotroohlns. In 
addition to Dromotlna sun/ival and differentiation, exert various effects throuoh surorlsina 
interactions with other receotors and ion channeis. 
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The era of Growth factor rcsearcli beean Tiftv vears affo 
wllh the discovery of nerve erawlh factor fNGF). Since 
then, the momentum to study the NGF — or neu- 
rotroohln — famllv has never abated because of their 
continuous caoacltv to orovlde new Insights Into neural 
function: the Influence of neurotroohlns soans from 
devcloomental neurobiology to neurodegenerative and 
Dsvchtatric disorders. In addition to their classic effects 
on neuronal cell survival, neurotroohlns can also regu- 
late axonal and dendritic mtiwth and mildance. svnaoUc 
sinjcture and connections, neurotransmitter release. 
LOHC-reRMpfJi^KtwioN fLTB andsvnaotlc olasticltv'*. 

The siirorislng dlscoverv that neurotroohlns and 
their receotors do not exist In Drosanhiia melanomster 
or Qji??ior//flWi/tre/eK»w reinforced the Idea that these 
oroteins arc not absoluteiv necessary for the dcveloo- 
ment of neuronal circuits oerse. but are involved in 
"hieher-order* activities. Forexamole. neurotroohins 
and their receotors Influence tnanv asoects of neuronal 
acUvltv that result In the veneration of new svnaotlc 
connections, which can be long lastlnel AlteraUons in 
neurDtroohin levels have orofound effects on a wide vari- 
ety of Dhenomena. tncludln? mvelinatlon. regeneration. 
Data aemtssioa deoresslon and substance abuse. 

The actions of neurotroohlns deoend on two differ- 
ent transmembrane-rcceDtarslffnallinesvstems^-* the 
nVh receotor tyrosine kinases and the d75 neunDtroohln 



receotor^ ^ Desolle considerable orogress In understand- 
Ing the roles of these receotors. addlUonal mechanisms 
are needed to exolaln the manv cellular and svnaotlc 
InteraeUons that occur between neurons. An emerging 
view Is tliat neurotroohln receotors act as sensois for var- 
ious extracellular and intracellular Inouts. and several 
new mechanisms have rccenllv been out forward. Here. I 
will consider several wavs in whkh Trk and o75 receotors 
might account for the uniaue effects of ncurotroDhlns 
on beliavlour and higher-order acUvities. 

The levels of neurotrooiilns are important 
It ts well established that the overall levek of neuro- 
troohlns determine the balance between cell survival 
and APOFTOSis during develoomenL Neural actlvltv has 
orofound effects on the levels of neurotroohlns. Indeed, 
the idea that neurotroohlns are crucial for svnaotlc olas- 
Udtv came from ohservaUons thai thev are synthesized 
and released In an acUvUv-deoendent ntanner'*^. NGF 
and brain-derived neurotroohlc factor fBDNF) mes- 
senger RNAs f mRNAs) are highly regulated bv elecuicai 
sUmulaUon and eotleotlc actlvllv"*. and BDNF (n oar- 
licular is raoldlv released bv neuronal activity during 
tierlods of actiyitv-deoendent svnaotlc remodelllng"*'\ 
Studies of mice that exoress reduced levels of 
neurotroohlns have shown surorising effects on adult 
brain function and behaviour. Mice that comoietelv 
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Box 1 1 Haololnsufnctencv of neurotrophlns 
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lack neurotFoohlns die durlne the first few weeks 
following birth. Helerozveous mice in which neuro- 
troohln levels are reduced bv half are viable but. strik- 
inalv. thevshcw otlier unandcloatcd dcAcits fBOX n. For 
examole. lowering Ihe level of NGF leads to several 
deficits in mcmorv acauisltlon and retention'^ In the 
absence of normal levels of 6DNR mice show enhanced 
aeeressiveness. hvoeractlviiv and hvoerohaffla'* 
Imracerebroventricular Infusion of BDNF or neuro- 
Iroohln 4 (NTA) reverses tJie hvDerohapic ohenotvoe^', 
in BDiWF helerozv^ous mice. S-HT (5-hvdroxv- 
irvDtantlne. serotonin) -nfiediated neuronal function is 
abnormal in the forebratn. cortex. hiODocamous and 
hvDothalamtis. and administration of the selective 
5-HT-reuDtake inhibitor fluoxetine reduces the aeeres- 
sive behaviour hvoerohaela and hvoeriocomotor activ- 
itv". A conditional deletion of BDi^IF in the brains of 
Dostnatal mice also leads to hvoeroha^a and hvoerac- 
tlviiv. as well as to hicher levels of anxletv as mcastired 
bv a ucinvDARKEXPixiRAnoNTEST'*. Therefore, the feeding 
ohenotvoe and tlie other behavioural abnormalities arc 
mediated bv the action of BDNF in the central nervous 
svslcm (CHS), not in the Derioherv. Abnormal behav- 
iours. Indicative of imoulse-control disorders, are also 
elicited bv oartlal deletion of BDNF. 

Lack of BDNF also causes deficits In memorv tasks: 
for examole. BDNF ' mice show Imoalrments insoatial 
memorv. This is consistent with defects In LTP that are 
found In the hiDoocamous. Inlerestineiv BDNF and 
BDNF' mice show the same deficits in LTP'- ». Indl- 
catln0 that not onlv the avallabllitv of BDNF but also Its 
levels, can orofoundlv alter olastlcltv. 

Neurotroohlns and their reccotors 
The neurotroDhins are Initlallvsvntheslzed as orecur- 
sorsor oro-neuroiroohlni which are cleaved to oroduce 
(he mature oroteins'^. Pro-neurotroohins are cleaved 
Intracellularlv bvnmiNor oro-convertases at a hlehlv 
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Fiaure 1 1 Models ofTrk atid 075 rcceotor activation. 
Netirotroohln bimflno resiilts In dimerteallon of eactt receotor. 
Ncurotrooh^ bind scteclivelv to soedftc Irk receotors. 
wheroas al noumtratThins bind lo d75. Irk receDlors contain 
exiracelukir imntunoolotiuin G floGI domains for Koond 
tAidiha and a catatvUc Ivraslne kinase seoiiencein ihe 
InirBcelMar domain. Each receotor acilvates several skinot 
transduction oalhwavs^ ^ '^ The exlracelhdsr Dortlon of o75 
contains fotir cvsleine-nch repeals, and Ihe inlracelular oart 
conlalns a death dom^. Ncurolroohtn Undlno to \f\Q d75 
receotor mediates survival, cdl mtaraUon and mvefinayon''^ 
l^l^ouah several ston^no oathwavs^^ Inter actions lietween 
Trk and o75 receolors can lead lo chanoes in Iho t^ndJno 
afllnllv for neurolroohlns^'. BDNF. britin-deiived neurotroohto 
factor- JNK. Jun N-terminal kinase: hAAPK. mllooGn-actlvaled 
□rotebi kinase' NGF. nerve arowlh factor: NT. netirobooMti- 
PQK. ohosohalkivfinostld 3-kinase PLC-v. ohosohofiDase Cv. 



conserved dibasic amino-acid cleavai?e site to release 
carboxv-termlnal mature orotelns. The nriature irotelns, 
which are about 1 2 kDa in size, iarm stable, non-covalent 
dimers. and are normallv exoressed at verv low levels 
durin?develoDment The amino-termlnal half for oro* 
domain) of the Dro-neurotroohln Is believed to be 
imoortanl for the orooer folding and intracellular 
sorting of ncurolrorfiins. 

Receotort encode xoedfidtv md rcstonsiveness, Different 
netirotroohlns shov/ binding SDecifldlv for oarticular 
receotors — NGF binds oreferentiallv to tvioslne receo- 
tor kinase A fTrkA): BDNF and NT4 lo TVkB: and neu- 
rotroDhln 3 (NT3) loTrkC /nr.. n. These Interactions 
have ffenerallv been considered to be of hieh afflnltv. 
However, in realitv. the binding of NGF to TrkA. and of 
BDNF 10 IVkB is of low afflnltv'*-'*. but it can be reffu- 
fated bv receotor dimerization. structural modifications 



"loorKpffnrwTVonoiaiT 



www.nalure.coin/revlews/neuro 



O 2003 Nature PubllshlnoGrouD 



REVIEWS 




d7S 



00 



Ouoond 



iiiMiiiiliii! 




IRAGE)-^ CcPcvde 
■ — ^ prrest 

(f5S|)--* Cell death? 



\ 

Survival. 
Inflammation 



Cvtoskeletat chanoes. 
neurltfl oularowlh 



Haure 2 1 NeurolrQohIn reccotor stanalilna. Trk rcccDiors meddle dKfercnllatlon and sunrival siarvSna thrauah exUaceSular 
sianakeautated tdnase HERK). DhoschaOdvlinosiloi 3-)dnasc TOK) and ohosDholoase Cv (PLC-'^ oalhwavs^ ^ Trk members 
rcatill and inaease tho ohasohorvlaton of PlC-vand Src homolaaoiis and colaaen-Uce adaotor oroleln (ShcV whidi leads lo 
acBvaton of PI3K and ERK. Rsol exerls Its acllons from an endosomd locaUon'". The d75 rBceotor uredominanUv sianab to 
acOvate NF-kB and Jun N-lenninal Wnase UNKl. and modulales RhoA aclMtv. These resDonses are medtoled Ihrouoh adaolw 
Dfoldns that ttnd to the cvlaoiasmic domain of d75. includlna neurQiroohln-reccDlor Inleractfna factor (NR^. neurolroi^ 
associated cell death cxecuto* (NA0E1. neumtraohln-receotor-lnleracUna MAGE homoloaue {NRAGEl Schwann cefl 1 (SCI) and 
receoloHnlcracttno oroldn 2 (RIP2I'^ wNch can exert elTecIs on soaatosis. survivai. neurite donaaUon and orowth arresl. 
Akt. oiotdn kinase B FRS2. Ilbrabla^t cvowlh factor reccolor substrate 2\ GabT Grt)2-3SS0Ciatcd t^dcr-l- Gfb2. orowih factor 
reccotof-bound orolein 2 GIPC. GAIPinlcracttno oroleln. C tcmiinus- MEK. milooen-jicUvoled oroleln kinaso fMAPKVERK kinase* 
POKl . DhosDhotr\osillde-deoendenl kinase 1 SH2B. Src homokuv 2-B SOS. Son of SevenhiSS' TRAF6. tumour neaosis factor 
receotor-assodaled factor 6. 



or association with the d75 receotor^". The o75 rcceolor 
can bind to each neurotroohin. and also act5 as a co- 
receotor for TYk receolois fRC. n. Exoresslon of d75 can 
increase the afflnltv of TrkA Tot NGF and can enliance Its 
SDecificltv for coenate neurotroohins"^. As a result, 
increased lli?and selectlvllv can be conferred on the Trk 
receolors bv the d75 receotor. 

The abiiitv of TVk and o75 receptors to oresenl 
different bindlni? sites and affinities to oartlailar neiin> 
tjODhlns delKrmines both their resoonsiveness and soeci- 
ficitv. The ratio of receotors Is Imoortant in dictating the 
numbers of surviving celts, and interactions between 
d75 and Trk receolors orovlde ffreater discrimination 
between different neurolroohins. A similar mechanism 
is also observed in other litfand-receotor svstems. s\ich as 
tlie elial-derlved neurotroohlc factor ((JDNH-Rel 
receotor^^ in v/hlch oreferential Interactions between 
GDNF lieands and the Ret receotor are facilitated bv 
exoresslon of GDNF famltv receotor subunits fGFRa) . 
Not suroristnelv. Ret receotors use signalling oathwavs 
similar to those used bv Trks. 

The effects of neiirotroDhins on axon mildance can 
also be modulated bv the Intraceltular location of the 
neuroEroDhln'-receDtor comolex. Durin? develoD- 
ment. neurotroohins are oroduced and released from 
the tarGTet cells and become Internalized Into vesicles, 
which are then transooried to the cell bodv. The blo- 
loBlcal effects of neurotroohins reouire that stenals be 
conveved over Ion? distances, from the nerve terminal 



to the cell bodv^'. Both Trk and d75 receotors undergo 
rclroerade and anterograde Iransoort Several oroleins 
are associated with the Trk and o75 receotors during 
transDorl and signalling oersisls after internalization". 
The orooer distribution of these orotolns in die growth 
cone could result from movement of the neuroiroohln 
receotors. 

Tlicse receotor functions do not necessarilv orovide 
an exolanation for the numerous ohenotvoeslhal are 
shown bv mice that are deficient in neurotroohins. In 
addition to forming comolexes. TVk and d75 receotors 
show indeoendenl signalling orooerlies*^*^. and 
downstream signal transduction oathwavs slgnifl- 
cantlv contribute to Individual ohvsioiogica] resoonscs. 
Neurotroohins bind as dime rs to d7 5- and Trk-familv 
members. Ti-k receotor dimerlzation leads to f/Tflrt> 
auioohosohorvlallon and to the activation of intra- 
cellular signalling cascades. The Src homologous and 
collagen-like (She) adaotor oroieln links the activated 
Trk receotor to two seoarate intracellular signalling 
oathwavs fFia zi. Neuronal survival reoulres She bind- 
ing to the Trk receotor. which results In Increases In 
ohosDhalidvlinosltol 3>klnase (PI3K) and Akt foroteln 
kinase B) activities fnn. 2t. Phosohorvlation of She bv 
IVk also leads to increases In the activitv of Ras and the 
extracellular signal-regulated kinase fERK). These 
events in turn Influence iranscriotlonal events such as 
the induction of the cvcllc AMP-rcsoonse element 
binding fCREB) iranscrlolion factor. CREB has effects 
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Box 2 1 Processing of the d75 receolor 
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on the cell cvcle. neurite oiiterowth and svnaotic olas- 
licitv". The small G oroteln Rao I accounts for the 
abliitv of neurotroohins to signal ihrouffh ERK for 
sustained oeriods". In addition. ohosoholiDase Cy 
fPLC-v) binds to activated Trk receolors and initiates 
an intracellular signalling cascade, resulting in the 
release of inositol ohosohates and activation of orotein 
kinase Cfl^KD. 

Tliroueh a different set of adaolor oroteins (HC. 2). 
d75 oroduces increases in Jun N-lennlnal kinase fJNK). 
NF'kB and ceramide^. One established function of d75 
is to oromote cell death^. This might orovide a means 
for the refinement of correct target innervation during 
develooment and eliminate cells during oerlods of 
develoDmental cell death^.. Aoootosis bv d75 Is also 
manifested after seizure or Inflammation^^'. Inhirv to 
the sDinal cord leads to oligodendrocyte death that is 
o75-deDendent — a ohenomenon that has also been 
observed in culture*'. This aooDtoUc ftincUon Is accom- 
oanied bv an increase of Rac and JNK activities ma. 2). 
which are essential for NGF-deoendent dealh*^ Another 
function of d75 mieht be to mediate a non-aooototic or 
survival resoonse^*^*. similar to the behaviour of other 
tuninur necrosis factor receotors. 

Surorlslnslv. oro-neurotroohlns are more selective 
ligands for the d75 rccemor than mature forms'*, and are 



more effective at Inducing D75-deDendenl aooolosis^^^* 
This indicates that the biological actions of neuro- 
troohins can be regulated bv oroteolvtlc cleavage, with 
Dro-forms oreferentlallv activating d75 to mediate 
aooDtosls and mature forms selectively activating Trk 
receotors to oromote survival. Like the neurotroohins. 
tlie d75 receotor can also undergo cleavage moX2). 

Manv of the comoonents of the oalhwavs that 
mediate neurotroohln signalling, such as ERK. Aki. 
PLC. PKC Ras. JNK and NF-kB mc 2\. are not unlaue 
to neurotroohins. Each signalling component is used In 
manv different contexts and bv other growth factors 
and cvtokines. This comolicates the orablem of ascrib- 
ing soeciflc mechanisms to a oarticular response*'. 
Clearlv. the effects of neurotroohins deoend on various 
factors — tlieir levels, their afflnitv of binding to trans- 
membrane receotors. and the duration and Intensitv of 
downstream signalling cascades that are stimulated 
after receotor activation. From these considerations 
alone. It tsstlll not evident how changes In behaviour 
and neuronal activity can be exolained simolv bv a 50% 
reduction in levels of neurotroohins or their signalling 
components. 

NeurotroDhln-medlated Dlasticltv 
Manv observations have indicated that neuiDtroohlns 
influence both the freouencv and amolitude of svnao- 
tic currents. Neurotroohins such as BDNF and NTS 
oroduce raold increases in svnaotic strength in nerve- 
muscle svnaoses. as well as increases In excitatory oost- 
svnaDtlc currents in hiooocamoal neurons^*^. BDNF 
and NT3 also induce raoid and long-lasting enhance- 
ment of svnaoUc strength through LTP in hlODOcamoal 
slices. These effects are not due to the nonsoccific eUects 
of using large amounts of proteins in electroohvslologi- 
cal recordings m vitro, as mice deficient in BDNF or 
NT4 show a notable imoairment of LTP in hiooocam- 
oal sllces'^^'. Similarly the effects on LTP are not due to 
a devejoomenta! or structural alteration created bv gene 
targeting, as normal LTP can be rescued bv addition of 
exogenoiisBDNF" 

Despite considerable evidence for the effects of 
neurolronhins on svnaotic strength" there are few 
molecular and signalling mechanisms that could explain 
these effects. The use of orotein kinase inhibitors has 
indicated that intracellular orotein ohosohorvlaUon is 
imoortant. as well as ohosohatidvllnosltol lipids and 
Inositol- l.'I.S-lriDhasDhate flnsfl.4.5)p3) receolors". 
A cQKomoNAL MtnATioN of the TrkB gene results In 
deficits in memorv acautslUon and consdidatlon In sev- 
eral hiDDocamous-dcoendcnt learning tasks*". These 
studies orovlde convincing evidence that signalling bv 
H-kB recemots Is dIrectJv resnonsible for oromoUng hio- 
oocamoal LTP*'. Mutagenesis of the She and PLC-v 
binding sites In the TrkBuene shows that downstream 
activation of CREB and calclum/calmodulln-deoendent 
kinase II Is resoonsible for the ability of TVkB to modu- 
late LTP Although Trk receptors are Implicated in manv 
forms of neuronal olasticlty there are reoorts that d75 
signalling misht also exert some effects on behaviour. 
Analysis of mice deficient in the full-length o75 receolor 
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Floure 3 1 Examotes of ton channel interactions with l^k neurotroDhln fecentors. Several exaniDles of Interactions between 
Tfk receolofs and ton channeJs are known, a I TrkA wttti »ie transient recoolor oolentiaJ fTRPJ channel TRPVl (or VRlV*. b I TrkB 
\Mlh TRPC3 (REF. 05). c I TrkB wUh Na,1.9 fREF 771. d I a-Amlno-3-hvdroxv-5-methvl-4-l«J>ia2olB oroDlonk: add receotor fAMPARi 
acUvHv can be mocfilted bv brain-derfvcd neurotroohtc factor fBDNFI bindino and activaUon of TrkB rcceo1or$". TrkA-mcdlaled 
PLC-v activation decreases levels of celWar PIP2. which leads to the ooenlna of TRPVl channels. In the case of TrkB and TRPC3. 
TrkB-medtatcd PLC-y activilv leads to Ihc ooenlna of TRPC3 throuoh lnosltol-1 .4.5-trtohosohaie (Insfl ASPji oenerallon and 
slare-oDerated catelum release. These assodaBons have been confirmed bvco-lmmunaoFedDltalton exoeitments. Ptdlns(4.51P,. 
DhosDhatid%finosttcil*4.5-blSDhcisohBtc 



has revealed slieht imoairments In several learning 
tasks''. Another d75 -mutant mouse that lacks both the 
full-leneth and the short Isoform** shows a more severe 
ohenotvoe and could orovide additional Insleht Into die 
nale of d75 in hicher-order flincUCHis. 

However, full exolanatlon of the abllKv of neuro- 
toohlns to regulate svnaottc olasticitv in the adult 
brain reouires a better understanding of how neuro- 
troDhin-receotor si^nalhnd is linked to ion channel 
function. Recent analvsls of the role of cohrins at 
svnaoses has shown that EohB2 receolors can reculate 
DQStsvnaDtic function through an interaction with 
NMDA (A^-methvl-n-asDartate^ receotors^ ". These 
studies hii^hUffht the oossibilitv that other reccotor 
tvFQsinc kinase svstems mlffht regulate Ion channel 
function. 

The studv of transient receotor ootential (TRP) Ion 
channels has provided new insights into this Question. 
The TRP suoerfamilv Includes more than twontv 
cation channels, some of which have been shown lobe 
sensitive to cold and hot temoeratures. and to ohero- 
moneS^**. TRPC3 is a non- vollaffe-galeA store-ooerated 
cation channel that Is hi^hlv exoressed in brain 
regions where TrkB rcceotors are found. Treatment of 
Donline neurons with BDNF resulted In a delaved 
Inward current after 30 s mEH 65u This resoonsc was 
SDeclfIc to BDNF. as other ll0ands — such as fibrob- 
last n-owth factor and Insulln-Iike Growth factor — 
did not eiicU an Increase In cation current. The 
BDNF- induced current denended on activation of 
TrkB and PLC fHG. 3). The biological conseouences of 
Interactions between IVkB and TRPC3 have not been 
fuliv defined, but the Increase In cation flux Imolies a 
unloue neurotroDhln-soeclflc function. The abundant 
exoression of TRPC3 durlnff neonatal develooment 
indicates that it miffht have a role In neurotroohln- 
dei}endent olasticitv 



NeurotroDhlns and pain 

AnotherTOP familv member that has intimate ties with 
the TVk recemor is the TRPV I fVR 0 chan nel or cao- 
saicin receotor. a non-selective cation channel that is 
activated bv heat noxious vanilloid comoounds such as 
caosalcin. and extracellular orotons". Previouslv NGF 
was shown to oolentlate the resoonses of nociceotlve 
sensorv neurons to caosalcin^'. This indicated that 
crosstalk between caosaicin and NGF occurred within 
sensorv neurons. The idea that TRPVl channels are 
necessarv forNGF-lnduced thermal hvoersensitivilv 
was also underscored bv observations of mice lackinff 
TRPVl. In contrast to NGF-iniected normal mice, 
which showed a marked decrease in oaw withdrawal 
latency in resoonse to a thermal stimulus. intecUon of 
NGF into TRPV 1 -deficient mice did not oroduce anv 
sensitization". 

Strikindv NGF oroduced an aoDraximatclv SD-foId 
Increase In orolon-evoked nirrents in XenaniuoocvXes 
that co-exoressed TrkA and TRPVl. Diminution of 
ohosDhatldvllnosllol-^.S-bisDhosohatc Icveb through 
antlbodv seoucstratlon or PLC-mediated hvdrolvsis 
mimicked the ootentiatln? effects of NGF at the cellular 
level fFlG. 31. Moreover, recruitment of PLC-v to TrkA 
was essential forNGF-medlated ootentlation of channel 
actlvltv fFiG 3). Co-lmmunoorectDitation studies indi* 
cated that TRPVl associates with IVkA and PLC-vto 
form a comi}lex. As an Interaction was also observed 
between lYkB and TRPC3 IREF. 65). It Is llkelv that 
common seouences are reouired for these interactions. 

Neurotroohlns have been shown to oroduce acute 
oaln as a side effect In clinical trials for neurooathv and 
neurodeeeneratlon*" NGF Is oresent at hteh levels 
after inflammation and Dtiomotesnociceotor sensitiza- 
tion. These resoonses mieht reflect the same orocess 
as ootentlation of thermal sensltlvliv bv TRPVl or 
related heat-activated Ion channels. In NGF-resoonslve 
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noclceotivB sensorv neurons. TrkA and TRPV 1 are fre- 
auentlvco-exoressed. In other neuronal DODuIations. 
similar mechanisms mleht account for the oronounced 
Dain that is observed when hleh levels of neuro- 
troDhins are administered In animal models or tn 
human clinical trials. 

Other ion channels 

Increastn? numbers of interactions bet\veen Trk receo- 
tors and ion channels are belne discovered. Increased 
tyrosine DhosDhorviatlon of NMDA and voltaee-eated 
Dotassium channels occurs as a result of treatment 
with BDNF* Tn the hlooocamDus, Trk receotors are 
exoressed both ore- and Dostsvnaottcallv. and both ore- 
and DQStsvnaDtlc mechanisms have been orooosed to 
account for changes in svnaoUc acUvitv^ ^, Electro- 
Dhvsloloaical measurements show that BDNF can actu- 
ally suooress Ky 1.3 currents'^ and block Dostsvnaotic 
a'amino-3-hvdroxv-5'melhyI-4-isoxazole oroDtonic 
acid (AMPA) receoior-medialed currents". The cal- 
alvUc actlvitv of IVkB receotors Is reoulred for the 
decrease in AMPA receotor aclivltv. Imolvine that there 
miehl be a close association between TVkB and AMPA 
receotors (FIG 3>. AltemativeW. the exo- and endocvlosis of 
AMPA receotors^. which determine actlvitv-deDendent 
changes of svnaotic efficacv. could be influenced bv 
BDI^si^nalllne. 

One reason for susoectlne a direct interaction 
between Trk receotors and ion channels comes from 
recent studies in which the sodium cliannel Na^l .\) was 
activated bv BDNF'«. The elTecis of BDNF on hiooo- 
camoal neurons of the CAl retrlon are remarkable for 
the raDidltv of their resoonse — an inward sodium cur- 
rent was delected within milliseconds of BDNF treat- 
ment. Curiously, the BDNF-medlated increase was 
blocked bv K-252a. a Trk-soecific inhiblto^*^ This 
reauirement for receotor tyrosine kinase activity is diffi- 
cult to reconcile with the time course of Na^ 1 .9 activa- 
tion, as ohosDhorvlatlon takes a considerably lontier 
time than the oatiems of activity that are stimulated bv 
BDNF. For Gxamolc. the earliest tyrosine ohosohorvla- 
tion events reaulre nearlv a minute of neurotroohin 
treatment**. Also. It takes uo to a minute of exoosure to 
NGF to elicit a chanffc in sodium channel mRNA 
exoression^. a far longer time interval than is reouired 
for BDNF to activate the Na^ 1 . 9 channel. 

Although the exact mechanisms for receotor-lon 
channel Interactions are unknown, the considerations 
outlined in the orevious oaragraoh indicate that the 
IVkB BDNF receotor mltfht exist in a comolex with 
the Nay 1,9 channel mo. 3i. Conformational changes tn 
the receotor or the channel wishi account for the abUltv 
of sodium channels to be raoidlv influenced bv the 
bmdin? of BDNF to IVkB. Previous studies have Indi- 
cated that conformational chanees In the IVkA receotor 
mieht acco\mt for chancres In its NGF-bindin? orooer- 
ties". In addition. TrkA receotor dimerlzatlon and acti- 
vation mlehtslmDlv result from a point mutation in the 
extracellular domain of the receotor". This raises 
the DQSsibllitv that changes (n Trk structure mieht be 
transmitted to neishbouring Ion channels. 



Transactlvation throuah GPCRs 
Although llsand-lnduced dimerlzatlon or olieomerlza- 
lion of receotors Is a well-established mechanism for 
growth factor sienalltnff. there is increasing evidence 
that biological resoonses can be mediated bv two or 
more receotor systems. For some time, it has been 
aooreciated that heterotrl merle G-oroteln-couoled 
receotors fGPCRsI oroduce similar resoonses (In terms 
of cell BTOwlh) to other growth factors that use receotor 
ivroslne kinases^***. 

Activatfon of Trk neurotroohin receotors occurs after 
treatment with adenosine, a neuromodulator that acts 
through GPCRs. Trk receotor autoohosohorvlatlon is 
increased in hiDoocamoal neurons and PCI 2 cells after 
treatment with adenosine. This transacttvation reauires 
adenosine receotors"". and does not result from the 
oroductlon of neurotroohins.Thc Increase in Trk activ- 
ity was Inhibited bv oroteln kinase inhibitors, such as 
PPI M-am!nO'S-f4-methvlohenvll-7-f/-butv1>Dvra39olol- 
13.4-rfl-Dvrimidine. which Is soeclflc for Src famllv 
members) or K -252a The oltuitarv adenylate cvclase- 
acilvating DolvocDtide fi*ACAP). a neurooeoUde.can 
also transactivate'n-k receotors in a manner similar to 
transactlvation bv adenosine*'. PACAP occurs in two 
forms, one of 38 and one of 27 amino acids, and Is a 
member of the vasoacUve Intestinal oeolide/secrelin/ 
glucagon family The two PACAP oeotides also interact 
with GPCRs. 

The effects of adenosine and PACAP are soeciflc. as 
other GPCR llcands do not oarticloate in crosstalk with 
Ttk receotors. Bradvkinin. carbachol. ATP. aoomor- 
ohlne. auinoirole and angiotensin 11 do not cause TVkA 
activation"*, even though receotors for these ligands are 
exoressed on the same cells as those for adenosine and 
PACAP Bv contrast manv of these ligands can stimulate 
eoldermal growth factor fEGFi receotors and other 
mltogenlc growth factor reccDtors Conversely adenosine 
and its agonists do not acUvate EGF rcceDlors. 

These GPCR transactlvation events are uniouc in 
other wavs. Both adenosine and PACAP reaulre a long 
oerlod of time (more than U2 hours) to activate Trk 
tyrosine kinase activity. Both ligands oroduce an activa- 
tion of PI3K and Akt. which results in enhanced cell 
survival after withdrawal of NGF. These results orovlde 
an exolanation for the neuroorotcctlve actions of 
adenosine and PACAP and oolnt to a theraoeutlc use 
for smalUmolecule GPCR agonists in neurodegenera- 
tive disorder. For examole. activation of IVk receotors 
bv PACAP was also observed In orlmarv cultures of 
basal forebrain cholinergic neurons, and administra- 
lion of PACAP effectively rescued these neurons after 
flmbrla-fomix lesion in vM', These results are slgnifl- 
canL because NGF-resoonsIve cholinergic neurons in 
the basal fmbraln degenerate In Alzlielmer's disease"". 

What Is the ohvsiologlcal relevance to neurotroohin 
action of transactlvation bv GPCR signalling? Trans- 
actlvation might exolaln whv neuronal survival In the 
CNS is not adversehr affected bv the lack of neuratroohlns 
— GPCR ligands might comoensate bv orovldlng a 
survival function through a neurotroohin-receotor 
signalling oathwav. Also, other essential activities, such 
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Fiaure 4 1 'n-ansactivaUan of receDtor tyrosine kJnases. Transactlvalion of Trk receolor bv 
G-oroleff^couoted (GPO Daands — such as adenosine and dtunarvadcnMale cvclasc-acUvaUno 
DolvocoUde (RftCAP) — results In nfiuroorolection'^ In svmDalhetic nourons. btndino of nave 
oiowth raclor (NGH to TrkA resulls bi the actlvalion of Ret tyrosine kinase recenlot s"^. GPCR. 
G-oralein-couoted Feceolof. 



as the re0u)ation of ion channels. mi?ht be leffltimate 
actions for iransactivated receotor signalling. Indeed. 
dooamine-GPCR transactlvationof olatelet-derived 
growth factor receotors has an acute effect on NMDA 
Ion channel adlvltv in hlDDocamnal neurons^. 

Imoortantlv. mutations in components of the 
adenosine or PACAP sienalline oalhwavs eive rise to 
behavioural oroblems in learning and memorv^' and 
heiehtened aggression^, which are reminiscent of the 
effects of mutations in the BDNF and TVi^B receoior 
eenes'" These slril^ing similarities imoiv that 
adenosine and PACAP signalling might work in oaral- 
lel or converge with neurotroohln receotor action. 
Tliese similarities also imolv that Trie receotors act as 
convergence ooints for signals emanating from other 
receotor systems. In this manner. Trk receotors act 
to survev various Inouts. In addition to those from 
neurotroohlns. 

Crosstalk between different transmembrane receo- 
tors might represent a more common signalling mech- 
anism. Further to the inOuence that GPCRs exert uoon 
Trk receotor activlivTrk receotors can activate otlier 
seemingiv unrelated receotors. An unusual case Is tlie 
Ret ivrosine kinase receotor i¥K,.a\. which ts a com- 
mon signalling receotor for GDNF-relaled lieands that 
also Include artemin. neurturln and Derseohin'^. These 
ligands reoulre specific GFRa subunlts to confer ilg- 
and soecificitv. However, in Dostnatal svmoathetic 
neuiDns. NGF oroduccs an activation of Ret receotors 
over the course of 1-2 davs. which does not reoulre 
GDNF lieand binding^. Activation of Ret signalling 
orovldes additional survival advantages dtjring oosl- 
natal oertods when these svmoaihetic neurons become 
Indeoendent of NGF. Ihuisactlvation of Ret tvrosine 
kinases bv binding of NGF to the TrkA receotor reore- 
sents a new mechanism for transmitting survival 
signals within neurons. 

Therefore, there are wavs of acUvatlng Hrk and Ret 
tvrosine kinase receotors other than direct llgand bind- 
ing. Activation of the neurotroohln svstcm through 
other receotor signalling svstems Is an alternative 



mechanism of communication in the nervous system, 
and examoles of this crosstalk abound. For examole. 
antideoressant agents that act through monoamine 
GPCRs can cause increased exoresston of both neuro- 
troohins and neuratroohin receotors®". Nolablv. onlv 
the neurons that express the monoamine GPCRs have 
the caoacltv to enhance neurotroohln or Trk receotor 
levels. T\\e results of studies with GPCR ligands raise 
the DQSsibililvof using small molecules to elicit neuro- 
troohic effects In the treatment of neurodegenerative 
diseasta™. This aooroach would allow selective target- 
ing of neuror^ that exDresssoeclflc GPCRs and troohlc 
factor receotots. 

Reoeneratlon 

Proteins that modulate growth cone dynamics have an 
Imoortant role In axonal oatternlng during develoo- 
ment and In orcventlng regeneration of axons follow- 
ing inlurv. Considerable attention has been given to 
Noga nwcUn-assodated glvcQorotein (MAG) andsi-nui- 
uhorin 3 A — orotelns that orovlde ootent inhlbltorv 
signals for axonal growth. There Is Increasing evidence 
that olaces neurotroohln nsceotors In the realm of these 
Inhibttorv proteins. 

Neurotroohlnscan modulate the resDonse of growth 
cones to inhlbltorv axon-guldancc molecules. For 
example, ncuratroohins have been shown to affect the 
extent of the axonal response to MAG". Moreover, 
semaohorin 3 A induces the collapse of dorsal -root 
ganglion fDRG) and svmoathetic growth cones", and 
neurolroohlns can raoldlv modulate the response of 
DRG growth cones to semaphorin 3A (REF. 99V The 
sensitivitv of DRG growth cones to semaohorin 3 A is 
Influenced bv BDNF and NGF in distinct wavs — 
BDNF increases the sensitivitv of DRG growth cones 
to semaohorin 3A. whereas NGF decreases it. These 
effects deoend on TVk signalling, implying that TVkA 
and TVkB exert differential effects on semaohprln 3A 
signalling. Furthermore, the effects of NGF in oooos- 
ing the inhlbltorv action of semaohorin 3A are highlv 
deoendent on ligand concentration and downstream 
signalling through the activities of orotein kinase A 
and orotein kinase G iruf iod>. Tliese observations 
Indicate the ooeraiion of a mechanism in which the 
receptors for neurolroohlns and semaohorlns are 
functionailv linked. 

Like the Trk receotors. o75 Interacts with some 
unllkelv oartners. Nogo-A is an imoortant Inhlbltorv 
protein that is expressed In oligodendrovctcs. It binds to 
aglvcQSvlDhosohaUdvlinosltol-llnked receotor"" that is 
recognized bv a 66-amino-acld fragment of Nogo 
(Nogo-661. Unexoectedlv. there are other ligands for 
this Nogo receotor Including oligodendrocyte mvelin 
glvcooroteln™ and MAG"" ™. The absence of a cvto- 
olasmlc domain In the structure of the Nogo receotor 
imolics that other comoonents are involved In signalling, 
and association of the Nogo receotor with the d75 
receotor has oroved to be a surortslng and intriguing 
solution to this Drobfcm"* 

The Identification of o75 as a co-receotor of the 
Nogo receptor was based on several kev observations. 
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Fiauro 5 1 Neurotraohlns and o75 undergo sile-sDecHIc 
cleavaaes. The Nooa and o75 rcceolors are found in a 
comolex. Nooo^. mveSn-assodsted dvcoofDleln (MAGI and 
(Aaodendrocvte mvefri dvcooniletn lOMm) are al Boands for 
Ihe Nooo receotor (NoooRt"^ IntiibtUon oT neurile outorowlh 
bv MAG Is mocfiated bv NoooR and Ihe o75 fcccdIot'*^ 



First. MAG serves as a Usand for Lhe Noso receolor 
Second, the inhibitory effects of MAG were found to 
deocnd on the oresence and action of the d75 receo- 
lor'". Tlie No0o receotor is doselv associated with d75 
through interactions between the extracellular 
domains of the two oroteins rprc. 5). and this associa- 
tion oroduces a reoulsive effect on axonal growth. 
Toeether. these results indicate that mvelln'deoendenl 
Inhibition of axonal regeneration deoends on the 
blndin? of MAG to a comolex containing the NO0O 
and d75 receotors. Several different oroteins bind to 
the cvioolasmlc domain of d75 (fic 21: among them. 
RhoA is the most relevant to the inhibition of neurlte 
outgrowth and Growth cone collaosc. Indeed, earlier 
work Indicated that blnduw of d75 to RiioA Influences 
axonal growth'®'. The inhibitory influence of MAG 
and NO0O mt^ht be exolaincd bv the recruitment of 
d75 into a comolex that sends a reoulsive sienal in neu- 
rons. The oartlcloatlon of d75 In the orevenllon of 
regeneration following iniurv is olausibie because the 
absence of d75 leads lo soroutlnpand enhanced axonal 
mwth and densitv*'**. 



Table 1 1 Induction of d75 receotor exoression after Iniurv 

Cell tvoe Iniurv 

Motor neurons Axotomv. reoeneraUon"*'^'* 

Purklnle neurons Traumalic Iniurv"' 

Enlorhlnal neurons Seizure*' 

HiDDOcaniDal neurons Priman/ cullure'** 

Striatal neurons Ischacmla"^ 

Cortical neurons Zinc. IschQemla'". Alzheimer^ disease'^* 

Schwann ceDs Axolomv'" 

OHoodendrocvtes Solnal cord Iniurv*^. mulUole sderosb lesions*'"* 

o75 exoression Is also induced in exoertmental iriteraic encoohalomvGfiUs'^ and 
Abhdmef ^ ifisease'^. 



The Dartlcloatlon of d75 receotors in the axonal 
regeneration orocess orovldes further Insleht Into the 
function of these receotors. There are manv examoles 
of elevated d75 expression in the adult brain and 
solnal cord after iniurv. Inflammation and stress* 
Inlerestlnelv. manv cell tvoes — Including hloDocamDal 
and cortical neurons, oli^odendrocvles and microglial 
cells — ordlnarilv show low levels of d75. However after 
Ischaemla. seizure, axotomv or other foniis of stress, the 
exoression of this receotor is conslderablv elevated in 
these tvoes of cells rTABi£ n. Also, manv cell tvoes 
exoress d75 In culture, oresumablv owlne to the change 
in environmental conditions. In fact, the magnitude of 
NF-kB sienalllne through d75 Is hitihiv deoendent on 
whether cells have exoerlenccd stress, such as changes 
In scninn. temoerature or cell-cell contact'". 

NeurotroDhlns and disease 
Few associations have been found between neuFotroohln 
eenes and neurolo^l ch* osvchiatric disorders, although 
a recent series of studies has linked a i^olymosphism in the 
oro-domaln of BDNF with deoresslon. bioolar disor- 
ders and schlzoohrenla. This oolvmorohism — which 
was identifled from a sinffle nucleotide Dolvmorohlsm 
screen — Is caused bv a sinele amino-acld chanee. from 
valine fVal) to methionine (MeO. al oositlon 66 in the 
oro-domatn of the BDNF Drotcin"' "Mnoatlentswilh 
bioolar disorder or deoresslon. the Ka/allele seems lo con- 
fer Greater risk for tlic disease, wliereas In oatients wltli 
schizoohrenia. the Met allele seems to be associated with 
Imoalred memorv functions. The existence of mutations 
in BDNF — a hlehlv conserved orotein — Imollcales 
neurotroohlns In the comolex oathoolivslolopv of 
osvchiatric diseases" ^ as well as neurodegenerative dis- 
eases such as Alzheimer's disease' Cleavace of tlie d75 
receotor has also been imolicated in the oathogenesis of 
Aklieimefs disease fBoxz). 

An analvsls of the \y->Met chanee in the oro-BDNF 
orotein Indicated that this alteration is resoonsible for 
abnormal sorting and secretion of BDNF' The imoact 
of this BDNF senotvoe was followed In human subiects 
who were examined for alterations in eolsodic memorv. 
Individuals in which the oro-domain of BDNF has Met 
at oositlon 66 oerformed relatlvelv ooorlv In verbal 
eoisodic memorv tests, and functional magnetic reso- 
nance ima&in0 of hiooocamoal function showed an 
abnormal oattern of activation durin? cognitive tests. 
These effects of this oolvmorohism In BDNF Indicate 
that neurotroohlns can oartlcioate in hiooocamoal 
hinction and memorv through a mechanism that relies 
on correct BDNF secretloa So. activitv-dcoendent 
secretion of BDNF. and Its subseauent effects on LTP 
and svnaoiic olasticltv now have an imoortant comebte 
in the human oooiilation. 

An unexoected exanude of the Involvement of neiim- 
troohins In osvchiatric disorders has come from the 
oaihoDhvslologv of deoressioa esoeciailv when deores- 
slon is associated with stress. Several Unos of evidence 
have ImDlicated neurotroohlns in deoresslon. First In 
anlnul models, restraint stress leads to decreased exores- 
sion of BDNF In the hlDOOcamous"' Second, the 
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LfARNEDIIiOPLESSNESS 
Acornmofilv used model of 
denresstan In which animak are 
excosed to tnescaoable shock 
and siihuouentiv tested for 
deAdB In lumtrar a shock* 
avoidance task. Learned 
helcdessness b a rare examoie in 
which, rather than MtirlUnff from 
die osvddairk disorder to the 
nradel the behavioural effect 
was oriflnaHv discovered In 
exneriimntal entmah (does) 
and later Invoked loexito 



ndinlnlslraUon of BDNF to the midbrain or hloDocain- 
Dus results In anUdeoressant efTecu In animal models of 
deoresslon — forced swim and i£ARNEDnamssNt3s.This 
effect is comoarable to chronic irealmenl with oharma- 
colofflcal antldeoressants''^ Third. BDNF has been 
shown to have troohic effects on 5-HT and noradrener- 
gic neurons. Mutant nrilce with decreased levels of 
BDNF show a selective decrement In the function of 
5-HT neurons and behavioural dvsfunctlons that are 
consistent with serotonerelc abnormalities. 

Manv functions of the neurotroohlc factors In the 
adult nervous svstem — other than their effects on neu- 
ronal survival — have nov^ been elucidated. These 
functions Include the maintenance of differentiated 
neuronal ohenotvoes. reflation of svnaotic connec- 
tions. activltv-dfioendentsvnaDUc dasticltv. and neuro- 
transmission. These additional functions show that 
neurotroDhin receolors act as a oolnt of convergence 
that miehl be involved In the integration of manv 
environmental inouts-Thls can lead to alterations in 
neuronal circuitrv and. ultimatelv, in behaviour In oar- 
ticular, it has become clear that neurotroohins can pro- 
duce Ion?- term chanses In the funcUonalltv of adult 
neurons throueh changes in transcrfotion. As several 
Dsvchotrooic drufis affect neurotroDhln sienalline. this 
abilitv mi?ht helo to cxolain the delav in theraoeiitic 
acUon of maiw osvchiauic u^tments. 

PersDectlves 

To exoialn the comolex behavioural effects that are 
related to the function of neurotroohins. an under- 
standine of how local circuits and sienal transduction 
oathwavs are integrated is reouired. Neurotroohins 
show both raoid and slow effects tJiat are breathtaking 



in their scooe and duration, but need to be further 
differentiated and defined. Cell -surface receotors are 
^enerallv reoresented as isolated integral membrane 
oroielns thatsoan the lioid bilaver. with closeW associ- 
ated receotor comoonents and with simiai transduction 
oroceedine In a linear steowise fashion. This view of 
receotor function will undoubtedlv be modified in the 
future. Neurotroohins orovide an excellent examole of 
how receotors can act not onlv In a linear manner, but 
can also influence the activitv of other transmembrane 
molecules, either direcllv or throueh slenalltnff Inter- 
mediates. The descrlDtlon of these actions will reoulre 
new methods of comoutatlonal analvsls. such as the 
effort to describe activitv- deoen dent neurotroohic 
interactions bv mathematical modellins^^. 

Cell-cell communication reoresenls the combined 
effects of manv growth factors. Unlike studies that have 
been carried out in vitro, in which cell lines are treated 
with single factors, the Growth and survivid of cells in vivo 
are under the influence of the simultaneous actions of 
manv DolvoeoUde factors. Coooerativitv between lust 
two different transmembrane oroteins imolies that the 
oossibllitles for extracellular signalling are greatlv 
exoanded. In realitv. the regulation of troohic activities Is 
orobablv determined bv the additive effects of manv 
receotors and the duration of signalling events, as well as 
bv oroiein cleavage events. Hie lack of a detectable effect 
on cell numbers in mice that arc deficient in kcv growth 
factors also indicates that cell growth and survival are 
suDDorted bv multiole oroteins. Interactions between 
neurotroohin receotors and ion channels and other 
cell-surface oroteins orovide a oowerful mechanism 
for merging the actions of different ligand-receotor 
svstems to achieve new cellular outcomes. 
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NeurotroDhins bitiii to two structurallv unrelated 
receotors. thttrk tyrosine kinases and the neurotronhin 
rcceotor dTS'^, Lisand activation of these two tvoes 
of recentor can lead to onnosite actions* in narticular 
the orevention or activation of oroerammed cell death. 
Manv cells co-ex oress trk receotors and dVS'^"™. and 
\vc found that was co-orecioitatcd with trkA. 

trkB and trkC in cells transfected with both recentor 
tvnes. Co-DreciDitatlon of d75'^'^ was not observed 
with the enidermal erowth factor recentor. Exneri* 
mcnts with deletion constructs of trkB fthe most 
abundant trk recentor in the brain) and 075^^ revealed 
that both the extracellular and intracellular domains 
of MB and 075"^ contribute to the interaction. 
Blockine autoohosohorvlation of trkB substantlallv 
reduced the interactions between n75^ and trkB 
constructs containine the intracellular, but not the 
extracellular, domains. We also found that co-cxDres« 
sion of n75^^ with trkB resulted in a clear increase 
in the snecificitv of rr^B activation bv brain**denved 
neurotronhic factor, comnared with neurotroohin-3 
and neurotronhin'4/S. These results indicate a close 
nroximitv of the two neurotronhin reccntors ^vithin 
cell membranes, and sueffest that the siffnalline nath- 
wavs thcv initiate mav interact soon after their 
activation. 

Keywords: BDNF/NT3/NT4/neurotroDhins/recentors 



Introduction 

AH known members of the nerve erowth factor CNGF) 
familv. desienatcd the neurotroDhins. bind to two different 
tvDcs of receotors. the (rk tyrosine kinases and the neurotro- 
nhin receotor d75^ (Bothwell. 1991: Chao. 1992: 
Meakin and Shooter. 1992). In mammals, three different 
irk receotors have been identified and arc activated bv 
one or more of the four neurotronhins ( for review see 
Barbacid. 19941. Bindine of the neurotronhins to the 
irk recentors leads to recentor tvrosine nhosnhorvlation. 
iriseerine the activation of oatliwavs leadine to the oreven- 
tion of oroErammcd cell death durine develoDmcnt (Kaolan 
and Miller. 1997). Studies with antibodies and with mouse 
mutants have established that each neurotronhin and 



trk receotor is rcouired durine neural develonmenL the 
elimination of anv one of these comoonents leadine to 
snecific deficits in the nervous svstem CSnider. 1994: 
Lewin and Barde. 1996). 

AH ncurotroohins also bind to the ncuroU-oohin receotor 
Q75NTR 2 member of the tumour necrosis factor fTNF) 
receotor and FAS/Aoo-I/CD95 familv. Followina the 
discoverv of the trk receotors as mediators of the troohic 
effects of the neurotronhins. the role of 075*^ was mostlv 
discussed as that of an accessorv receotor modulatine the 
sisnallinc of the trk receotors fChao and Hemnstead. 
1995). Recently however. d75^ has also been shown to 
mediate cell death in a liEand-deoendenl fashion fCasaccia- 
Bonnefil el al.. 1996: Bamii et al. 1998: Davev and 
Davies. 1998). a function similar to that demonstrated 
orcviouslv with the structural oarcnts of 075*^. nmnelv 
the TNF receotor 1 and CD95. Evidence for this new 
function of 075^™ has also been obtained in vivo in the 
avian retina ^Frade et al., 1996: Frade and Barde. 1998), 
in mouse svmoathctic Eanslia fBamii et al.. 1998) and in 
the devclooina soinal cord of mice carrvins a mutation in 
the rtfff or the d75 eene (Frade and Barde. 1999V 

In view of these observations and the fact that manv 
neuronal ooDulations co-exoress trk receotors and 075**™. 
we tested to see whether an interaction between both 
receotor tvoes could be demonstrated bv immunooreciot- 
tation in transfected cells. While this Question has been 
addressed in orevious studies, work has focused on o75^ 
and trkPi usina either cross-linkina fHuber and Chao. 
1995: Gareano et ai. 1997) or co-oatchine technioues 
(Ross et ai. 1996). As trkB can be activated bv three 
different neurotrooWns. namely brain-derived ncuro- 
U-oohic factor fBDNF). neurotroDhin-4/5 nMT4/5) and 
neurolronhin-3 fNT3\ we also investiaated the extent to 
which co-exoression of d75^ with /rA:B modulates the 
lieand soecificttv of this receotor. 



Results 

Co-lmtnunoDrGC!Ditation of o75^^ with trkA, trkB 
and trkC 

Comnarable conditions for immunonrecinitation of the rat 
receotors trkA, trkB and trkC were established bv taeeine 
the three receotors at their N-terminal ends usine a nine 
amino acid hemaeelutinin fHA) enUooe. The ability of 
the taascd receotors to bind ncurotroohins was determined 
in cross-linkinc exneriments usine radiolabelled ncurotro- 
ohins and bv lieand-induced receotor ohosDhorvlation 
(data not shown). These three cDNAs were used to 
iransfect A293 cells tocethcr with rat d75^ at a ratio of 
1:1. Followine cell Ivsis with 1.0% Triton X-100. the trk 
receotors were orecinitatcd with anti-HA antibodies and 
the immunoorectnitates analysed bv Western blottine with 
anti-n75 antibodies. These exneriments revealed that 
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Fie. I. Co-immunoDrccioiialion or d75*^ with ihc trk rcceolors. 
(A^ A293 cells were Iransicnllv transfcctcd with the various conslrucls 
as indicsuqd. Cells were Ivsed oi\er 2 davs and HA~lacoed Irk 
reccntors were oreciDitatcd with an onii-HA mAb. ImmunoDrecinitates 
vxTC mn on a 7% acrvlamide SDS ed followed bv Western blotiina. 
Detection was ncrfarmed with a noivclonal anti-075 antihodv. 
fB) Co-immunooreciDitation was carried out as in iA) exccet that the 
EGF rcceoior TEGFR) was nrecioiwicd with a mAb to the EGF 
receotor. HA>X denotes a HA-iaaced Dhosohodicsterase as a control. 
The sisnals observed in oil lanes result from antibodv cross- 
reactivities. 



d75^ is co-immunoDreciDitated with irkA. trkB and trkC 
fFifiure lA) Like rat C775^^. chick d75^ was also 
co-immunoorcciDitated (data not shown). 

When similar exoeriments were Dcrformed with the 
eDidermal crowth factor (EGF) receotor usinc a mono- 
clonal antibodv (mAb) to the EGF receotor. no co- 
immunoDrecioitation of 075^""^ could be detected 
(Fieure IB). 

To test whether exoression of both receotors in the 
same cells is needed for the /r^-D75^^ interaction, the 
trk and d75^ constructs were exorcssed in seoarate sets 
of cells and the immunoorecioitalion oerformed as above 
after mixinc the cell exUacts. No co-immunoDrecioitalion 
of 075*^ could be detected under these conditions (data 
not shown). 

Althoufih all three trk receotors behaved similarlv 
in their abilitv to a.ssociate and co-orecioitate d75^^. 
subscouent investieations focused on trkB. as this is the 
most abundant of the t?'k receotors exorcssed in brain 
tissue. Also, orevious studies have established that trkB 



can be activated in fibroblasts bv three different neurotro- 
nhins (see below). 

MaoDina trkB and d75^^ interactina domains 
We were interested in delineatine the receotor domains 
involved in tlie interaction and desiened various deletion 
constructs of o75^ and trkB. The trkB receotor also 
exists as a sol ice-variant form lackine the tvrosine kinase 
domain, raising the Question of whether the U^ncated 
form of this receotor would also interact with o75^. 

To facilitate comoarisons between the constructs, the 
HA eoitooe was oreserved in the trkB constructs, as was 
the 075*^ detection eoitooe (Fieure 2). Deletion mutants 
were constructed for each receotor lackins either most of 
the intracellular domain f AICD) or the extracellular domain 
fAECD). trkB AICD cssentiallv corresoonds to the natur- 
allv occurrine trkB solice variant desicnated Tl and 
lackinc the tvro.sine kina.se domain. d75^^ AICD. as well 
as 075*^ AECD. co-immunooreciDitated with Aiil-lenEth 
trkB fFiEure 3A). Likewise. trkB AICD and trkB AECD 
co-immunoorecioitated with fiili-lensth d75^. The weak- 
est interaction was found between 075^™ and trkB AECD 
fFiEurc 3B). Also. d75^ AECD and trkB AECD. as well 
as 075^^ AICD and trkB AICD. co-immunoorecioitated. 
but no delectable interactions could be seen when d75^ 
AICD was exorcssed toeether with trkB AECD 
fFisure 3C). In sum. these maooinB studies indicate 
that interaction between d75^*^ and trkB involves the 
extracellular, as well as intracellular, domains of both 
receotors. However, the transmembrane seauence (which 
is common to all the constructs tested) does not seem to 
be sufficient for a stable interaction under our exoerimental 
conditions. 

The trkS^DlS^ interaction is K'252a sensitive 
Tlie demonstration bv immunoorecioitation of an inter- 
action between trk receotors and o75^ necessitates 
receotor over-exoression. This leads to ohosohoivlation 
of the trk receotors due to their orooensitv to dimerize in 
a Heand-indeoendent fashion. As our results indicate that 
the intracellular domain of trkB interacts with o75*™ 
(see above), the Question arises as to whether the ohosoho- 
rvlation status of trkB influences the formation of the 
rrAB-o75^ comolex. This oossibilitv was tested usina 
the kinase inhibitor K-252a. A dose-deoendent reduction 
of the trkB-Dl5^^ interaction was observed, with a sliEht 
inhibition at 500 nM K-2S2a and a marked reduction at 
1 uM K-252a (Fieure 4). To test whether the effects of 
K«2S2a result from an action of the alkaloid on the 
inU^accllular domain of trkB. we used Ihc /rftB AECD 
construct with d75^. The interaction between the two 
receotors was inhibited almost comoletelv with 500 nM 
K-252a. In contrast the interaction of trkB Tl with 075^*"^ 
was not influenced bv K-252a. Therefore these exoeriments 
indicate that the K252a-mediated inhibition of receotor 
interaction is due to its action on the intracellular domain 
of trkB, and that the ohosohorvlated form of trkB is 
oredominantlv involved in the interaction with 075*™. 

pygt^TH influences tiie soecificitv of liaand- 
deoendent otiosofjorvlation of trkB 
The close oroximitv of the two receotors mav affect their 
abilitv to be activated bv different Iteands. As trkB can 
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Fiir. 2. Deletion constructs of 075*^ and HA-/rAB. 
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tminunoprecipitation: anti44A 
Detection: anti-p7$'^ 

Fi». 3. Co-immunoDrccioiialion of Ihc deletion constructs of o75^ and frkB iA) Dclcliun consirucla of 075^"* co-immunoorccioitatcd with 
ftjll-lcnntl» WA'trkB (B) Full-lcneth 075*^ co-immunnnrecmilated wlh deletion conslrucis of HA-/rAB iC\ Co-immunonrecinitation of dclclinn 
construcis of both rcceoiors. The exocrimcnts were Dcrformcd as described in Ficurc I. exccni thai 10% acrvlamide SDS ach \vcrc used. Note that 
D75AICD and HA-/rABAECD do not interact The inieraclinn of □75'^ fuII-lcnElh with H A-frJtBAECD is sienificantlv wraker. 



be activated bv BDNF. NT4/5 and NT3. wc asked whether 
075NTK increases the Heand selcctivitv of trkB. Lieand- 
dcDcndent trkB ohosohorvlation was investifialed in A293 
cells slablv transfected with a (rkB construct that can be 
rcadilv activated bv three different neurotronhins (irkB-L. 
Strohmaier e( a!.. 1996V These cells were transicntiv 
transfected with various □75'^'"* constnicls. Whereas the 



BDNF-induccd nhosnhorvlation of okB remained 
unchanced with 075*^^ co-cxoression ^Fisure 5). that 
induced bv NT4/5 and NT3 vms clearlv reduced. Tliis 
increased selectivitv was dose-denendent. beina more 
nrominent at lower neurotronhin concentrations and not 
readilv aooarent at 100 ns/ml neurotroohin fdata not 
shown). 075^'''^ AICD also mediated the increased lieand 
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FIc. 4. Inhibilion of ihc D75^-HA-/rftB inlcraclion bv K-252a. 
Transtentiv transfectcd A293 cells %vcrc treated with K-252a for 24 h 
bcrore tvsis. Co-itnmunoDreciDitaUan was oerformed as in Finure I. 
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Fie* 5« Influence of d7S^ on lisand-induccd autoohosDhorvJatton of 
trkE Fodownnc incubation in serum^free medium (see Materials and 
methods), cells stablv transfected with trkB were incubated with 
ncuroironhm fSO no/mh for 5 min at 37*C Cell Ivsalcs were 
immunnprceioitatcd and analysed usine u ohosDhatvrosinc anlibodv. 
Fotlowinc striDDine. the blots were reorobed \\ith a nontrk antibodv to 
check for rcccntor cxorcssion levels. Cell Ivsatcs were also checked 
for 075*^ cxorcssion levels. 



soecificttv of irkB fdata not shown). From these exoeri- 
metits we conclude (hat one of the conseauences of the 
/rAB-D75*^ interaction is a marked increase in the 
selectivilv of trkE for BDNF-mediated receolor ohosoho- 
rvlation. and Uiat this elTect is more Hkelv to be accounted 
for bv direct receotor interaction than bv o75^-mediated 
sienalline. 

Discussion 

The nossibilitv of fr^-D75^* receotor association has 
been raised ever since two different receotors were shown 
to bind the neurotronhins. This Question is all the more 
nressine since both receotors are now known to sienaJ. 
and that this sienalline mav lead to results as diHercnt as 
cell death or cell survival. Our studv orovides evidence 



for a direct association between the trk receotors and 
j,75NTu demonstrated bv co-immunonrecioitation. Tliis 
association is relevant to the trk function in intact cells, 
as it leads to an increase in lieand soecilicitv. 

Previous biochemical studies on trk-Hi?^^ 
interactions 

The Question of an association between the trk receotors 
and d75^ has alreadv been addressed in orevious studies 
with trkA. Chemical cross-Iinkine was used, either with 
radiolabelled NGF (Huber and Chao, 1995V or bv revcrs- 
ibiv cross-linkine receotors exoressed in Sf9 insect ceHs 
(Garcano et al, 1997). Also, co-oatchine studies with 
fluorescendv labelled receotors fWolf et al. 1995: Ross 
et al, 1996) sueecsted a co-localization of the receotors 
in cell membranes usine Sf9 cells. Curiouslv. no such 
evidence could be obtained in similar exoeriments usinc 
/?-AB instead of rr^A (Wolfe/ al. 1995: Ross et al. 19961 
Functionallv. co-oocration between o75^ and all three 
trk receotors has been obtained in transfected cells bv 
showine that co-exoresston increases resDonsiveness to 
low neurotroohin concentrations, but in these and other 
cxDcriments die demonstration of co-immunoDrecioitation 
of 075*™ and trk failed (Hantzoooulos et al. 1994). 
The exolanation as to whv we eventuallv succeeded in 
demonstratine a biochemical interaction between n75^ 
and all three trk receotors mav lie in the taeeine orocedure. 
It is oossible that antibodies used oreviouslv to test 
receotor association mav have either interfered with the 
formation of a /r/:-D75^ receotor comnlex or did not 
recosnise the receotor comolex. In oarticular. we note that 
Gareano and colteaeues documented the observation that, 
whereas antibodies to d75^ efficientiv co-orecioitated 
P75KTR cross-linked to trkh, antibodies to trkh did not 
deieclablv co-orecioilated d75^^ f Gareano et al. 1997). 
Also, it is conceivable that the A293 cells used in this 
studv offer a favourable context to studv the interactions 
between d75^ and trk receotors. for examole bv orovid- 
ine cvtoolasmic oroteins that stabilise die interaction. 
However, merclv mixine detereent extracts of cells 
exnressine onlv one receotor tvoe docs not lead to receotor 
association fsee ResuItsV 

Functional evidence for a trfc-^jys^^^ association 
Whereas there is no doubt diat the trk receotors nlav a 
kev role in mediating the troohic effects of neurotroohins. 
it IS also clear that the exoression of trk receotors does 
not account for all neurotroohin receotor orooerties on 
neurons. For examole. NGF binds with hieh affinitv to 
sensorv neurons f-lO*" M: Sutter ei al. 1979), and most 
of the sites formed bv trkA are of a low-afRnitv tvoe 
(Mahadeo ei al. 1994). Similar observations were made 
with BDNF and trkB fcomoare for examnle Rodrieuez- 
T6bar and Barde fl988) with Dechant et al ^1993)1. In 
addition, co-exoression of both d75^ and trkA in die 
same cells leads to die formation of hieh-aflinitv receotors 
fHemostead et al, 1991: Mahadeo etal, 1994). That the 
formation of hieh-afRnitv bindine sites is of functional 
sienificance is well established for NGF. For examole. 
studies with PC 1 2 cells indicate a reduced activation of 
trkA at low NGF concentrations when bindine to d75^^ 
is orevented (Barker and Shooter. 1994: see also Verdi 
et al. 1994), Moreover, in mice carrvine a deletion in 
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the NGF-bindine domain of dTS*^. substantial sensorv 
deficits have been observed, and neurons isolated from 
such mice disnlav a decreased sensitivitv to low concentra- 
tions of NGF (Lee eM/.. 1992. 1994: Davies 1993V 
In line with this, two recent studies have shown that a 
mutated form of NGF unable to bind to 075^"^. but 
capable of aclivatinE trkA, is less active than wild-tvoc 
NGF in suDOortinE the survival of o75^/trkA cxoressina 
neurons at low lieand concentrations fHorton el ai.. 1997; 
Rvd6ne/fl/.. 19971 

Of sDccial relevance to the oresent studv are orevious 
indications that an additional function of the trk-ol5^ 
association mav be an increased liaand soecificilv. Tlius. 
svmDathctic neurons isolated from 075^"^ animals arc 
more resnonsivc to NT3 than wild-tvoe neurons (Lcc etai. 
1994^ and PC 12 cells have an increased resDonsivencss to 
NT3 when d75^ levels are reduced (Benedetti et ai, 
1 993V 

Finallv. there is evidence for a modulation of d75^- 
mcdialed sohinaomvelin hvdrolvsis bv trk\ (Dobrowskv 
etaL 1995V 

ProDerties of the trk-HiJS^^ association 
Our exoeriments indicate that the interaction of 075"^^ 
with all three irk receotors is stable cnoueh to resist 
detereent solubilization in a buffer containing !% Triton 
X-100. It is thus unlikelv that the association results 
from hvdroohobic interactions within the membrane, and 
co-transfection with constructs onlv able to interact with 
their transmembrane domains are in line with this inter- 
oretation. In this context, it is interesiine to note that a 
orevious studv usine a reversible cross-linker of irkA and 
075^^ also concluded that transmembrane interaction is 
unlikelv to narticioatc sianificantlv in recentor interactions 
fGareano et ai. 1997V Our maoDine exoeriments indicate 
that both the extracellular and intracellular domains of the 
receotors seem to be sufficient to drive a stable association 
of the two receotors. This result is in aereemcnt with that 
of Gareano etal, f 1 997V who used deletion constructs of 
trkA and 075*^. Hov/ever. the findine that the association 
with the intracellular domain of irkB is K252a-sensilive 
raises the oossibilitv that in the absence of reccotor 
DhosDhor\'lation. tlie interaction mav be driven mainlv bv 
the extracellular domains of the receotor The oossibilitv 
therefore exists that the state of ohosnhorvlation of the 
trk receotors modulates the streneth of the interactions of 
the irk reccotor with 075*^^, and our findines suasest 
that Dhosohorvlatton of irk would reinforce the interaction 
with 075*^. Clearlv not all tyrosine kinase recentors 
interact with d75^ as no co-immunoDrccioitation could 
be demonstrated with the EOF receotor 
Bevond co-immunoDrecioitation. the most direct indication 
for an interaction between trk receotors and d75^*"^ is the 
increase in lieand soccificitv of /r/cB when d75'*™ is 
co-exoressed with (rkB. The details of the mechanisms 
bv which 075*^ increases lieand soccificitv are unclear. 
It is conceivable that the association of 075*^^ with 
the trk receotors chances their conformation leadins to 
increased lieand-bindine soecificiiv. Such a mechanism 
could also be resnonsible for the enhanced bindine of 
NGF to trkA in the presence of 075^^ fBarker and 
Shooter. 1994: Verdi et al. i994V In thcorv. sienalHne 
throush o75^^ followine lieand bindine could also be a 



mechanism leadine to increased liaand soccificitv. In 
narticular. a recent renort indicates that BDNF can activate 
,^75NTR j^^use serine ohosnhorvlation of trkA fMacPhee 
and Barker. 1997V But as our results with d75^™ carrvina 
a larae deletion in the intracellular domain indicate, 
this construct is eauallv effective in increasine liaand 
soccificitv. comoared with ftjll-lcneth n75^. we consider 
this oossibilitv unlikelv. Previouslv we have reoorled that 
a chick rr/cB solice variant lackina exon 9 codina for 1 1 
amino acids in die extracellular iaxtamembrane domain 
of trkB also shows an increased selectivitv for BDNF. 
comoared with NT4/5 and NT3. even in the absence of 
exoression of d75^*™ fStrohmaier etal., I996>. A similar 
variant of trkB with increased selectivitv for BDNF was 
also found in human retinal oiemcnted eoithelium fHackett 
et al, 1998V Taken toaethcr these results indicate that 
there are at least two difTerent wavs bv which the selectivitv 
of /rA:B for BDNF can be increased. This is narticularlv 
relevant in the context of numerous orevious reoorts 
indicatine that BDNF has troohic activities on a varietv 
of neurons that differ from those of NT4/5. even thouah 
both lieands bind to trkB. 

Conclusion 

The results of this studv ooinl to a close association of 
trk and d75^ receotors in cellular membranes and that 
one outcome of receotor association is an increased lieand 
soecificitv. Close association of these two different receotor 
tvoes sueeests that their sienalline oatliwavs mav interact 
with each other as soon as thcv are activated. 

Materials and methods 

CbU culture and reaaents 

A293 cells f Graham el ai. 1977) were cultured in Dulbecco's modified 
Eactc's medium ^DMEM. Gibco-BRL^ suDolcmcntcd with 10% fetal 
calf serum (Boehrineer Marniheim) at 37°C and 5% COi. The A293 
cell line sioblv e:xDrcssinB cKick /rAQ had been established oreviouslv 
and was used as described in Dcchant et al (1993) K-252q was from 
the Alexis Coroorotion. 

Construction ofo7S^* and trk-exoresslon olasmids and 
deletion mutants 

Rai d75'^ fulMcncth and the 075*^ cxiracellular domain fAICD) 
were cloned in the mammalian exnrcssinn vector ncDNAB (InviiracenV 
The intracellular domain of 075*^ <AECDV rat rrJfeB and the trkB 
constructs, as well as irkA and trkC. were cloned in the nRC/CMV AC7 
vector, a derivative of the oRC/CMV vector (Invitroecn). which contains 
t)te BM^O sional nentidc rMaver et aL 1994V In all cases expression 
was driven from the CMV Dromoler 

Rat 075*^ was isolated from Uie oGEM I vector hv clonine it with 
EcoRi and Anal in a dcDNA3 exoression vector leavinu the 5' and oan 
of the 3' untraastated resinn riJTR) intact tisinc rat d75'*'^ subcloned 
in ncDNA3 as tcmolate. a one-sten PGR stratcsv was oerformed to 
delete the 118 C-ierminal amino acid residues (d75''^A1CDV Primers 
were: 5*-CTGGAATTCCCnGGCATCCG: and the 3' antiscnse oitconu- 
cleotide with a translation sioD codon inserted: 3*-GCCACGGGCCCT- 
CAGCCACTGTCGCTGTGCAGTT. The rcsultine cDNA for the 
consirticl was subcloned with £coRI and Aoal into the dcDNA3 vector 
and scoucnccd. The d75'^"aECD consuuci was ccncratcd bv ncrforminc 
PCR with the orimcrs 5'-GCCCCGCTAGCTCGCGGCACCACCGAC- 
AACC and 3'-GATCAGTGCGGCCGCTCACACTGGGGATGTGGC- 
AG. which deletes the 24S N-terminal amino acid residues. Tlie construct 
was subcloned with Nhe\ and Natl into oRC/CMV AC7 and seaucnced 
Rat trkB with the fused HA taa was cloned in die oRC/CMV AC7 
vector and used as a lemnlate to aenerate the construct /rABAECD. in 
which the 398 N-terminol amino acid residues arc deleted. The orimers 
used were 5'-GCCCCGCTAGCTTATCCTTATGACGTGCCTGACT- 
ATGCCGGGGGACAAACCAATCGGGAGCATCTC and 3'.GATCA- 



620 



GTGCGGCCGCCTAGCCTAGGATGTCCAGGTA. Nhel and Not} \vcre 
used for subclonino into oRC/CMV AC7. The Tl isoform of trkB was 
cloned from a dCMV-5 irkBJ\ construct usinc HindUl and Xbal lo 
fuse ii 10 ihc HA-inCEcd N-icrminus of irkB in the vector dB-KS 
followed bv subcloninE into dRC/CMV AC7 with Nhel and Noil Rat 
trkA and rat trkC were simjiarlv cloned with the HA las into the vector 
dRDCNTV AC7. The EGF reccotor construct dRK5 was kindJv orovidcd 
bv A Ullrich. 

NeurotroDhins and antibodfBs 

Rccombinani BDNF. NT3 ond NT4/5 oroduced in Chinese hamster 
ovarv cells fCHO) were a eift from Genentech. Inc. In some exneriments 
Escherichia ro/i-derived recombinant neurotroohins were also used 
fRecencron Araaen Partners V The antibodies used included onti-human 
p75NTlt Q^jj (Promcca^ as wcH as a rabbit ootvclonal antiserum ^17 
ecnerated ajiainst a ncntide corresnnndinc to amino acids 24R-274 of the 
cvtoolasmic domain of chick o75^ fkindiv orovidcd bv A.RodriEucz- 
TebarV Monoclonal anti-HA for immunoorecinitation was lued from 
hvbridoma suocmalants (a kind fiift from S.WcmcrV Western blotiine was 
ncrformcd with anti-HA mouse mAb clone I2CAS I uc/ul fDochrinBcr 
Mannheim) A rabbit anti-rr* antiserum Joanu-k^ recocnisina all trk 
nroteins (raised aaainst a oeoiide corresnnndinc to the lost 14 amino 
acids of the chick trkA scauence) had been established orcvtouslv 
fSchrilnel et at. 1995) Monoclonal anti-nhosnhotvrosine (clone 4G10) 
was ourchosed irom Uosiaie Biotechnolosv. Anti-EGF reccDtor anttbod- 
ies were #108 (Waterfield et at,. 1982) and RK2 (Kris ei at.. I98SV 

Transfecthn of celt Ifn^s 

A293 cells were transfectcd bv the calcium nhosnhaic orecioitation 
nrotocol usinc the method of Chen and Okavama (19R7Y Within one 
cxDcriment. the amount of DNA was keol constant bv sunnlemcntine 
samnlcs wiih ncDNA3 vector DNA For transient cxnression. cells were 
Ivsed 2 davs after uansfection. Transfcciion cfRciencv was analysed bv 
oarallcl transfcction with a oCMV-GFP vector (oEGFP-Nl. Clonlech). 

immunoorBuioitation 

Cells were washed with ice-cold DhosDhatc-buitcrcd saline (PBS I and 
Ivscd at 4''C in I ml Ivsis buffer (50 mM HEPES oH 7.5. 150 mM 
NaCL 10% filvccrot. 1% Triton X-IOO. 10 us^ml Leuncotin and t mM 
PM5F) followed bv centrifuaation at 4''C with 10 000 e for 10 min. 
The suncmatants were incuboted with 200 ul anli-HA antibodv for 2- 
5 h at 4°C followed bv oreciDitntion with orotein A-Scoharosc 6MB 
beads (Pharmacia Biotech) ovemiaht at 4''C. The EGF recentor was 
orcctDitatcd >vith 2 ul antibodv ^108. Aflcr washinu llie beads tlircc 
times with Ivsis buffer, containina 0.1% Triton X-lOO instead of 1% 
and no LcuocDlin and PMSF. the oroieins were eluted bv boiiine m 
30 ul Loemmli loadina bulTer for S min. Samnles were subseouentlv 
orocessed bv Western blottine. 

RacBDiar ohosohorvlation studies 

A293-€rrA[B-L cells were erown in serum-free medium ovemiehL 
incubated in fresh senmi-free medium for onothcr 3-5 h and neurotroohins 
were added for 5 min at 37'^C. Immunonrecinitatinn was nerformcd as 
described above, exceot that the Ivsis butter was suoolemented with 
5 mM orthovanadoie and 3 mM EDTA. The beads were %\'BShcd wih a 
buffer containine I mM orthovandatc. /r^ was immunoorccioitated 
v^iili 2 ul pantrk antiserum for 1-2 h at 4 C followed bv the addition of 
orotein A-Scoharosc beads. 

Western blottina 

Proteins were senarated on 7% or 10% oolvacrvlomide eels and sub- 
seouentlv tnmsferred onto Immobilon f Millioore) membranes. Followins 
incubation with 2% nonfat milk oowder in Tris-huflered saline-Tween 
fTBST; 50 mM Tris oH 7.4. 150 mM NaCI. 0.1% Twcen 20). the 
membranes were incubated ovemiuht at 4''C with anti-human d75^ 
oAb (PromcaaV diluted at 1:2000 in blockine butTcr or with the d75 
antiserum ^17. diluted at 1 :500 in blockina buffer, followed bv incubation 
for 1 h at roam tcmncraturc with float anti-nihbit luG-POD (Pierce. 
1:10000 in TEST). The EGF reccotor was similarly delected with tlic 
antiliodv RK2. diluted at 1:1000 

Allcr blockine with a aclatinc solution (0.5% aelaiinc. 5 mM EDTA 
in TBST). nhosnhorvlated trkB receotors were detected usino the anii- 
ohosohoivrosine antibodv 4G10 ovemieht al room temDcraiure. diluted 
at 1-400 in Gelatine blockine bufTer. followed bv incuhaiion for 1 h at 
room lemoerature with soal anli*mouse leG-POD f Pierce. 1:10 000 in 
TBST) trk rcceniors were delected fflllo\\ina ovemicht incubation at 
4»C with Uie oanirk antibodv. diluted at 1:1000 in TBST/2% milk or 
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with the anti-HA antibodv (Boehrincer Mannheim), diluted at 1:1000 in 

TBST/2% milk. 

Tlie immune comolexes were detected usinii die ECL detection svstem 
(Amcrsham) and cxoosure to outoradiocraohic film tFuii). 
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Abstract 

The neurotensin receptor-3, originally identified as sortilin, is unique among neuropeptide receptors in that it is a single 
trans-membrane domain, type I receptor. To gain insight into the functionality of neurotensin receptor-3, we examined the 
neurotensin-induced intracellular trafficking of this receptor in the human carcinoma cell line HT29, which expresses both 
neurotensin receptor- 1 and -3 sub-types. At steady state, neurotensin receptor-3 was found by sub-cellular fractionation and 
electron microscopic techniques to be predominantly associated with intracellular elements. A small proportion (~10%) was 
associated with the plasma membrane, but a significant amount (~25%) was observed inside the nucleus. Following stimulation 
with neurotensin (NT), neurotensin/neurotensin receptor-3 complexes were internalized via the endosomal pathway. This 
internalization entailed no detectable loss of cell surface receptors, suggesting compensation through either recycling or 
intracellular receptor recruitment mechanisms. Internalized ligand and receptors were both sorted to the pericentriolar recycling 
endosome/Trans-Golgi Network (TGN), indicating that internalized neurotensin is sorted to this compartment via neurotensin 
receptor-3. Furthermore, within the Trans-Golgi Network, neurotensin was bound to a lower molecular form of the receptor 
than at the cell surface or in early endosomes, suggesting that signaling and transport functions of neurotensin receptor-3 may 
be mediated through different molecular forms of the protein. In conclusion, the present work suggests that the neurotensin 
receptor-3 exists in two distinct forms in HT29 cells: a high molecular weight, membrane-associated form responsible for 
neurotensin endocytosis from the cell surface and a lower molecular weight, intracellular form responsible for the sorting of 
internalized neurotensin to the Trans-Golgi Network. 
© 2004 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The tridecapeptide neurotensin (NT) is widely dis- 
tributed in brain and periphery and is involved in a 
variety of neural, endocrine, cardiovascular, and diges- 
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tive functions (for review, see Rostdne & Alexander, 

1997) . Three different NT receptors, referred to as 
NTSl, NTS2, and NTS3 have so far been cloned 
(for reviews, see Mazella, 2001; Vincent, Mazella, & 
Kitabgi, 1999). Whereas, NTSl and NTS2 are both 
seven trans-membrane domain receptors, NTS3 is a 
single trans-membrane domain type I receptor, which 
shows 100% homology with the sorting protein, sor- 
tilin (Mazella et al., 1998; Petersen et al., 1997). This 
receptor belongs to a new receptor family related to 
the yeast sorting receptor VpslOp and characterized 
by similar N-terminal luminal domains (Marcusson, 
Horazdovsky, Cereghino, Gharakhanian, & Emr, 
1994). This receptor family includes, in addition to 
NTS3/sortilin, SorLA and SorCS-1, -2, and -3 (for 
review, see Hampe, Rezgaoui, Hermans-Borgmeyer, 
& Schaller, 2001). These receptors are produced as 
inactive precursors that are converted to mature forms 
upon cleavage by furin (Hampe et al., 2001; Petersen 
et al., 1999). Accordingly, NTS3 binds NT with con- 
siderably lower afiinity when transfected in epithelial 
cell lines alone (A:d = 17nM for hNTS3 and 45 nM 
for mNTS3) (Navarro et al., 2001) than together 
with furin (ATd = 0.3 nM for hNTS3) (Mazella et al., 

1998) . In addition to NT, NTS3/sortilin binds a vari- 
ety of other ligands, including the receptor-associated 
protein (RAP) (Petersen et al., 1997; Tauris et al, 
1998), lipoprotein lipase (LpL) (Nielsen, Jacobsen, 
Olivecrona, Gliemann, & Petersen, 1999), and the 
44-amino-acid propeptide cleaved during maturation 
of the receptor precursor (Petersen et al., 1999). 

In addition to its N-terminal and single trans- 
membrane domains, NTS3 comprises a short 
C-terminal cytoplasmic segment identical to the corre- 
sponding domain in the mannose 6-phosphate/insulin 
growth factor-II receptor (CI-M6PR) (Petersen et al., 
1997). This C-terminal tail contains several sort- 
ing motifs, suggesting that NTS3/sortilin can en- 
gage in various types of trafficking, including 
endocytosis and transport between the Golgi and 
late endosomes (Nielsen et al., 2001). Indeed, a 
major pool of NTS3/sortilin was found to be as- 
sociated with Golgi vesicles in adipocytes (Morris 
et al., 1998). Furthermore, only a small proportion of 
NTS3 appears to be present at the cell surface of ei- 
ther adipocytes or transfected cells under steady-state 
conditions (Morris et al., 1998; Navarro et al., 
2001). However, in adipocytes, NTS3 is up-regulated 



at the plasma membrane upon stimulation with in- 
sulin, together with the glucose transporter GLUT4 
(Lin, Pilch, & Kandror, 1997; Morris et al., 1998). 
Similarly, in neuronal cell cultures, NTS3 (identi- 
fied at the time as a lOOkDa NT binding protein) 
was shown to be recruited at the cell membrane 
following stimulation with NT (Chabry, Gaudriault, 
Vincent, & Mazella, 1993). 

The role of NTS3/sortilin in mediating central 
and/or peripheral effects of NT remains elusive. When 
transfected in epithelial cell lines, this receptor binds 
and efficiently internalizes NT (Navarro et al., 2001). 
Moreover, NT stimulates the growth of CHO cells 
stably transfected with NTS3, suggesting that the lat- 
ter may behave as a signaling receptor regulating cell 
proliferation (Dal Farra et al., 2001). Accordingly, 
NTS3 was found to be expressed in a variety of himian 
cancer cell lines derived from colon, pancreas and 
prostate (Dal Farra et al., 2001) upon which NT had 
been documented to exert a proliferative action (Iwase 
et al., 1996; Maoret et al., 1994; Seethalakshmi, Mitra, 
Dobner, Menon, & Carraway, 1997). However, the 
strongest evidence to date that NTS3 can behave as 
a true NT receptor lies with the recent demonstration 
that this protein may be involved in the NT-induced 
migration of human microglial cells, via stimulation 
of both MAP and Pi3-kinase-dependent pathways 
(Martin, Vincent, & Mazella, 2003). 

Nonetheless, little is known regarding the effects 
of NT on endogenous NTS3 receptor trafficking. In 
particular, it remains to be determined whether en- 
dogenously expressed NTS3 receptors internalize NT 
and, if this is the case, to which intracellular compart- 
ments ligand and receptors are targeted. We recently 
demonstrated that NTS3 receptors are abundantly ex- 
pressed in the human adenocarcinoma cell line HT29 
(Martin, Navarro, Vincent, & Mazella, 2002), from 
which the human NTS 1 receptor was originally cloned 
(Vita et al, 1993). Stimulation of HT29 cells with 
NT results in a robust down-regulation of cell sur- 
face NT binding sites and concomitant desensitiza- 
tion of the calcium mobilizing effects of NT (Turner, 
James-Kracke, & Camden, 1990). However, it is un- 
clear whether this down regulation reflects a loss of 
NTS3 and/or NTSl receptors from the cell surface 
and whether NT is internalized through NTS3 and/or 
NTSl binding sites. The aim of the present study was 
therefore to address some of these issues by tracking 
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NTS3 and NT-labeled NTS3 receptors in HT29 cells 
by combined biochemical and immunocytochemical 
techniques. 

2. Methods 

2 J. Materials 

Neurotensin (NT) was purchased from Bachem 
(Voisins-le-Bretonneux, France) and NT(2-13) was 
synthesized by Neosystem (Strasbourg, France). 
'25i-Tyr3-NT, a-azidobenzoyl-*25i-Tyr3-NT(2-13), 
and iVa-Bodipy-NT(2-13) were prepared and pu- 
rified as described previously (Faure et al., 1995; 
Mazella, Kitabgi, & Vincent, 1985; Sadoul, Mazella, 
Amar, Kitabgi, & Vincent, 1984). Dulbecco's modi- 
fied Eagle's medium (DMEM) was from Invitrogen, 
Inc. (Burlington, Ont., Canada) and fetal bovine 
serum (FBS) from BioWest (Nuaille, France) or In- 
vitrogen, Inc., Gentamycin, 1,10-phenanthroline, su- 
crose, EDTA, HEPES, bovine serum albiraiin (BSA), 
ovalbumin (OA), Mowiol, paraformaldehyde, mam- 
malian protease inhibitor cocktail were from Sigma 
(Lyon, France). The antiserum against the luminal 
domain of NTS3/sortilin was a generous gift from 
Dr. C. M. Petersen (University of Aarhus, Aarhus, 
Denmark), The mouse monoclonal antibody di- 
rected against the Golgi cistern marker Giantin was 
kindly provided by Prof. H.-P. Hauri (Biocenter of 
the University of Basel, Department of Pharmacol- 
ogy, Basel, Switzerland). The mouse monoclonal 
anti-Lamp- 1 antibody was kindly provided by Dr. 
Minoru Fukuda (The Bumham Institute, La Jolla, 
CA, USA). Mouse monoclonal anti-syntaxin-6 and 
anti-Na"^/K'^ ATPase al antibodies were purchased 
from Transduction Laboratories (Lexington, KY, 
USA) and Upstate Biotechnology (Lake Placid, NY, 
USA), respectively. Rabbit polyclonal anti-Rab5A 
and anti-HDAC-1 antibodies were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
CyTM 5-conjugated donkey anti-mouse, Texas red- or 
FITC-conjugated donkey anti-rabbit antibodies were 
obtained from Jackson Immunoresearch Laboratories 
(supplied through BioCan Scientific, Mississauga, 
Ont., Canada). HRP-conjugated goat anti-rabbit and 
anti-mouse IgGs as well as goat anti-rabbit IgG-gold 
(AuroProbe One GAR) and IntenSE M Silver En- 
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hancement Kit were from Amersham-Pharmacia 
Biotech, Inc. (Baie d'Urfe, Que., Canada). Human 
Alexa 568-Tranferrin was from Molecular Probes, Inc 
(Eugene, OR, USA). 



2.2. Cell culture 

HT29 cells, documented to express both NTSi and 
NTS3 receptors (Martin et al, 2002) as well as fii- 
rin (Khatib et al., 2001), were kindly supplied by Dr. 
R Kitabgi (IPMC, CNRS, Valbonne, France). Cells 
were grown in 100 mm Petri dishes in DMEM supple- 
mented with 10% FBS and 50 |JLg/mL gentamycin or 
1% penicillin/streptomycin (Life Technologies, Inc.) 
at37°Cunder 5%C02. 



2.3. Western blotting of cell homogenates 

HT29 cells were rinsed with 0.1 M phosphate 
buffered saline (PBS), pH 7.4 and lysed m 10 mM 
Tris buffer containing 1 mM EDTA (TE) and protease 
inhibitors diluted 1/100. Samples were sonicated for 
10 s prior to centrifiigation at 13,000 x g for 30min 
at 4°C. The pellets were resuspended in TE buffer 
containing protease inhibitors. The protein content 
was determined using Bio-Rad protein assay dye 
reagent using the method of Bradford (Bradford, 
1976) with OA as the protein standard. Proteins were 
denatured by boiling at 95 °C for 3min using 2x 
Laemmli sample buffer. Samples (30-50 |xg loaded 
per lane) were resolved by SDS-polyacrylamide 
gels using 8% gels followed by electroblotting 
onto nitrocellulose membranes. After blocking with 
5% milk powder in PBS with 0.05% Tween-20 
(PBS -f T), the membranes were incubated for 
Ih with the rabbit NTS3 antibody diluted 1:1000 
in PBS + T with 5% milk powder at room tem- 
perature. Membranes were washed with PBS + T 
(3x5 min) prior to incubation with a goat anti-rabbit 
antibody conjugated to horseradish peroxidase for 
45 min at room temperature. Membranes were sub- 
sequently washed with PBS + T (3 x 5 min) and 
PBS (5 min), incubated in the presence of Luminol® 
chemiluminescence reagents (Roche Diagnostics 
France S.A., Meylan, France) and exposed to 
fihn. 
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2.4. Sub-cellular fractionation 

The protocol described by Clancy and Czech (1990) 
was employed to obtain the following fractions: 
plasma membrane (Mb); high density microsomes 
(HDM); low density microsomes (LDM); nucleus 
and mitochondria (N + M); and cytosol. Briefly, cells 
(from two 100 mm Petri dishes grown to 70-80% 
confluence for each condition) were collected in So- 
lution A (250 mM sucrose, 20 mM HEPES, ImM 
EDTA and 1 mM PMSF at pH 7.4), homogenized 
with a Teflon pestle, and centrifiiged at 16,000 x g 
for 20min to yield Pellet 1 and Supematant 1. Pellet 

1 was resuspended in Solution B (20 mM HEPES 
and ImM EDTA at pH 7.4) using a Dounce ho- 
mogenizer, deposited on a sucrose solution (L12M 
sucrose in Buflfer B), and centrifiiged at 100,000 x g 
for 60min to yield Pellet 2 and Supematant 2. Pellet 

2 was re-suspended in Buffer B by sonication (5 s) 
and represents the N +M fraction. Supematant 2 
was collected at the interface between the sucrose 
solution and Buffer B and was resuspended in Buffer 
B and centrifiiged at 30,000 x g for 30min to yield 
Pellet 3; this pellet was resuspended in Buffer B and 
represents the Mb fraction. Meanwhile, Supematant 1 
was centrifiiged at 30,000 x g for 30min to produce 
Pellet 4 and Supematant 3. Pellet 4 was resuspended 
in Buffer B and represents the HDM fraction. Super- 
natant 3 was centrifiiged at 200,000 x g for 90min to 
yield Pellet 5 and Supematant 4. Pellet 5 was resus- 
pended in Buffer B and represents the LDM fraction. 
Proteins were precipitated ovemight at 4 °C from Su- 
pematant 4 using 10% TCA to produce the cytosolic 
fraction. 

2.5. Western blotting of sub-cellular fractions 

Proteins from sub-cellular fractions were denatured 
by boiling at 95 °C for 3 min using 2x or 6x Laemmli 
sample buffer, resolved using 10% Tris-Glycine gels 
(Invitrogen, Burlington, Ont., Canada) and subse- 
quently electroblotted onto nitrocellulose membranes. 
Membranes were blocked and incubated with pri- 
mary antibody either ovemight at 4°C or for 2-4 h 
at room temperature. The bound antibody was visu- 
alised using an HRP-conjugated goat anti-rabbit or an 
HRP-conjugated goat anti-mouse followed by chemi- 
luminescence reagents (Mandel Scientific, Guelph, 



Ont., Canada). Primary antibodies directed against 
NTS3, Na+/K-^ ATPase al, Rab5A, syntaxin-6, and 
HDAC-1 were employed. For quantification of NTS3 
immunoreactivity, blots were digitized by scanning 
with an Agfa Duoscan T1200. Digital images were 
quantified using the Scionlmage software program 
(Scion Corporation, Frederick, MD, USA). The inte- 
grated density (I.D.) for each band (arbitrary units) 
was divided by the amount (|jig) of protein loaded on 
the gel for that respective sample (to yield I.D./fjig). 
The I.D./|xg for each sub-cellular fraction (Mb, 
HDM, LDM, N + M) was then multiplied by the 
total weight of that fraction (|xg) and the resulting 
value was then divided by the sum of values from 
all fractions for each respective experiment (« = 3, 
expressed as a percentage). For assessing changes in 
NTS3 immimoreactivity within individual fractions 
over time, values from 3 to 4 independent experi- 
ments were pooled and expressed as a percentage of 
the LD./|ULg of an internal standard (the steady-state 
HDM fraction of one experiment, which was loaded 
on all gels). Calculations and statistical analysis 
(Kmskal-Wallis test) was performed using Excel 
97 (Microsoft Corp., San Francisco, CA, USA) and 
Prism 3.02 (Graph Pad Software Inc., San Diego, 
CA, USA). Images were processed using Adobe Pho- 
toshop 4.0.1 (Adobe Systems Inc., San Jose, CA, 
USA). 

2.6. Binding and cross-linking of azido-^^^ I-NT 

HT29 cells, grown in a 100 mm Petri dish to 
70-80% confluence, were washed with Earle's buffer 
(25 mM HEPES, 140 mM NaCl, 5mM KCl, 1.8mM 
CaCb, 3.6 mM MgCb, 0.9 g/L glucose). Cells were 
subsequently incubated in the presence of 0.3 nM 
a-azidobenzoyl-^^^I-Tyrs-NT (6 x lO^cpm/Petri, 
two Petri for each condition) in an Earle's buffer 
containing 0.8 mM 1,10-phenanthroline for 5, 15 or 
30 min at 37 °C. Cells were then washed at 4°C with 
Earle's buffer and irradiated using an XL-1500 UV 
Crosslinker (Spectronics Corporation) to cross-link 
the radioligand to its receptors. Specificity of the 
binding was assessed by carrying the incubation 
in the presence of 1 |jiM unlabeled NT. Intemal- 
ization specificity was assessed by pre-incubating 
the cells at 37 ""C for 30 min with 0.45 M sucrose 
and subsequently incubating them at 37 ""C with 



A. Morinvilie et ai/The International Journal of Biochemistry & Cell Biology 36 (2004) 2153-2168 



2157 



azido-*^^I-NT in the presence of 0.45 M sucrose 
for 30min. For steady-state conditions, cells were 
washed with Earle's buffer on ice and extempora- 
neously irradiated (time: Omin). Cells were then 
subjected to sub-cellular fractionation as described 
above. 

The protein content of each fraction was deter- 
mined using Bio-Rad protein assay dye reagent 
with ovalbumin as the protein standard. The sam- 
ples were denatured by boiling at 95 °C for 3min 
using 2x Laemmli sample buffer and were run on 
8% SDS-PAGE gels. Proteins were electroblotted 
onto nitrocellulose membranes and these membranes 
were exposed against a phosphoimager screen for 
48-72 h and developed using a phosphoimager (Fuji 
BAS2500). The images were acquired and quanti- 
fied as described previously. Data are presented as 
the integrated density (I.D.) for each band in arbi- 
trary units (A.U.) in each fraction of a representative 
experiment (from n = 4); values were not stan- 
dardized between different sub-cellular fractions. To 
confirm band identity, immunoblotting against NTS3 
was performed on these same nitrocellulose mem- 
branes. 

2.7. Immunofluorescence labeling 

To assess the presence of NTS3 receptors on the 
cell surface after exposure to NT, HT29 cells were 
grown on 12 mm coverslips in DMEM supplemented 
with 10% FES. These cells were pre-incubated for 
lOmin at 37 °C in Earle's buffer, pH 7.4, contain- 
ing 25 mM HEPES, 140 mM NaCl, 5mM KCl, 
1.8 mM CaCb, 3.6 mM MgCh, 0,9 g/L glucose, 
and 0.8 mM 1,10-phenanthroline. They were then 
incubated in the same buffer in the presence of 
lOnM NT for 40min at 37*^0. After a rapid wash 
with PBS, cells were fixed with 3% paraformalde- 
hyde (PFA) in PBS for 20min at 4°C. They were 
then rinsed twice with PBS and incubated with 
50 mM NH4CI in PBS for lOmin to quench ex- 
cess free aldehyde groups. After blocking for 20min 
in PBS containing 10% horse serum (HS), cells 
were incubated for 30min at room temperature 
with rabbit NTS3 receptor antibody (1:300) in PBS 
containing 5% HS. They were then rinsed three 
times in PBS and incubated for 30min at room 
temperature with a Texas Red-conjugated donkey 



anti-rabbit antibody (1:600) in PBS containing 5% 
HS. After two washes with PBS and one with 
water, cell-bearing coverslips were mounted on 
glass slides with Mowiol for confocal microscopic 
examination. 

To monitor the intracellular trafficking of NTS3 
receptors after ligand binding, HT29 cells were 
grown in serum free medium at 37 °C for Ih and 
incubated at 4°C with rabbit NTS3 receptor anti- 
body (1:100) in PBS containing 10% HS for 2h. 
They were then washed three times with PBS and 
once with Earle's buffer and subsequently exposed 
to lOnM NT at 37 °C for 40min in Earle's buffer 
to promote internalization of receptor-ligand com- 
plexes. After three washes in PBS, cells were per- 
meabilized with 0.1% Triton X-100 and fixed with 
3% PFA at room temperature as described above, 
rinsed three times in PBS buffer, and incubated at 
room temperature with a FITC-conjugated donkey 
anti-rabbit antibody (1:600) in PBS containing 5% 
HS for 30min. For dual detection of labeled NTS3 
receptors and intracellular compartment markers, 
cells were incubated, after fixation and permeabi- 
lization, with mouse monoclonal anti-Lamp- 1 anti- 
body (1:1000), mouse monoclonal anti-Giantin anti- 
body (1:500), or mouse monoclonal anti-syntaxin-6 
antibody (3 |xg/mL) for 30 min at room tempera- 
ture. Secondary antibodies [FITC-conjugated donkey 
anti-rabbit antibody for NTS3 and Cy5-conjugated 
donkey anti-mouse antibody (1:600 for cell com- 
partment markers)] were then jointly applied in PBS 
containing 5% HS for 30 min. After two washes with 
PBS and one with water, cells were mounted on 
glass slides with Mowiol and examined by confocal 
microscopy. 

To determine whether NT-induced NTS3 inter- 
nalization proceeded through classical endosomal 
pathways, HT29 cells were serum deprived at 37 °C 
for 1 h and incubated with rabbit anti-NTS3 recep- 
tor antibody (1:100) in PBS containing 1% BSA 
at 4°C for 2h. After three washes in PBS, cells 
were co-incubated for 15 and 40 min with lOnM 
NT and 50p>g/mL iron-saturated human Alexa 
568-transferrin at 37 °C in serum free medium con- 
taining 1% BSA. They were then washed three times 
with ice cold PBS, fixed with 3% PFA for 20 min 
at 4 ®C and processed for NTS3 inununodetection as 
above. 
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2.8, Fluorescent Ugand labeling 

To monitor the fate of internalized NT, HT29 cells 
were plated on 12 mm coverslips in DMEM supple- 
mented with 10% FBS, pre-incubated for lOmin at 
37 ""C in Earle's buffer, and incubated in the same 
buffer with lOnM A^a-Bodipy-NT (fluo-NT) at 37 °C 
for a further 40 mm, To determine non-specific label- 
ing, 1 |xM of unlabeled NT was added to the incu- 
bation medium. After two washes in Earle's buffer 
and one in ice cold PBS, cells were fixed in 3% 
PFA in PBS for 20 min at 4 °C and mounted on glass 
slides with Mowiol for confocal microscopic exami- 
nation. 

To monitor in parallel the fate of internalized ligand 
and receptor in HT29 cells, cells were pre-incubated 
at 4°C with the anti-NTS3 receptor antibody (1:100) 
in PBS containing 10% HS for 2 h. After three washes 
with PBS and one with Earle*s buffer, cells were in- 
cubated for 40 min at 37 °C with 10 nM fluo-NT m 
Earle's buffer. They were then washed twice with 
Earle's buffer and twice with ice cold PBS, fixed with 
3% PFA for 20 min at 4 °C, and permeabilized in PBS 
containing 10% HS and 0.1% Triton X-100 for 20min 
at 4°C, They were then immunoreacted for NTS3 
as described above, using a FITC-conjugated donkey 
anti-rabbit antibody (1:600). 

2.P. Confocal microscopy 

Labeled cells were examined with a Leica laser 
scanning confocal microscope (TCS-SP) equipped 
with a DM-IRBE inverted microscope and an 
argon-krypton laser. Samples were scanned under ei- 
ther 488 nm (for FITC-conjugated donkey anti-rabbit), 
568 nm (fluo-NT or Alexa 568-transferrin) or 647 nm 
(for Cy5-conjugated donkey anti-mouse antibody) 
wavelength excitation. Images were acquired as sin- 
gle transcellular optical sections and averaged over 32 
scans/frame and processed using Adobe Photoshop 
4.0.1. 

2.10. Electron microscopy 

For electron microscopic localization of NTS3 re- 
ceptors, HT29 cells were incubated at 37^C with or 
without lOnM NT for 10 or 40 min. They were then 



washed in 0.1 M phosphate buffer (PB) and fixed 
with a mixture of 2% acrolein/2% PFA in PB for 
20 min, followed by 2% PFA for 20 min, at room 
temperature. After thorough washes with 0.1 M TBS, 
they were incubated with 3% normal goat serum 
(NGS) in 0.1 M TBS for 30 min at room temperature, 
followed by NTS3 antibody (1:300) in 0,1 M TBS 
along with 0.05% Triton X-100 and 0.5% NGS for 
24 h at 4°C. Following incubation with the primary 
antibody, cells were repeatedly washed with 0.01 M 
PBS and non-specific binding sites were blocked us- 
ing 0.1% gelatin and 0.1% BSA diluted in 0.01 M 
PBS. Cells were then incubated with a 1:50 dilution 
of goat anti-rabbit IgG-gold at room temperature for 
2 h. After thorough washing, cells were fixed with 2% 
glutaraldehyde for 10 min at room temperature and 
immunogold deposits enhanced by incubation with 
ionic silver in citrate buffer. Subsequent to reaction 
amplification, cells were rinsed in buffer, post-fixed 
with 2% Os04, dehydrated in graded alcohols, em- 
bedded in Epon, and sectioned at 80 mn thickness on 
an ultramicrotome. Sections were stained with uranyl 
acetate and lead citrate and examined with a JEOL 
lOOCX transmission electron microscope (JEOL 
USA, Inc., Peabody, MA, USA). Negatives were 
scanned and images were processed using Adobe 
Photoshop 4.0.1. 

For immunogold particle quantification, cells were 
pooled from three independent experiments. Gold par- 
ticles were classified as plasma membrane-associated, 
nuclear membrane-associated, nuclear or cytoplasmic. 
The total surface area and total perimeter as well 
as the nuclear surface area and nuclear perimeter of 
each immunolabeled HT29 cell were measured by 
computer-assisted morphometry (BioCom, Les Ulis, 
France). To calculate compartment percentages, the 
sum of immunoreactive gold particles in each com- 
partment was divided by the sum of gold particles in 
all compartments for a given experiment. The density 
of immunoreactive NTS3 receptors per unit length of 
plasma or nuclear membrane was calculated by di- 
viding the number of gold particles detected at the 
surface of each of these membranes by its respec- 
tive perimeter. The number of NTS3 receptors per 
unit area {\ivc?') of cytoplasm or nucleus was calcu- 
lated by dividing the total number of gold particles 
detected by the surface area of these compartments (as 
measured by computer-assisted morphometry). Cal- 
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culations and statistical analysis (Kruskal-Wallis test) 
were performed using Excel 97 and Prism 3.02. Val- 
ues are presented as the mean ± the standard error of 
the mean (S.E.M.). 



3. Results 

3.1. Sub-cellular distribution ofNTSS receptors in 
HT29 cells at steady state 

3. LI. Sub-cellular fractionation studies 

Westem blot analysis of whole cell lysates prepared 
from non-stimulated HT29 cells revealed the pres- 
ence of an intense NTS3-inamunoreactive band at an 
apparent molecular weight of 105 kDa (Fig. lA). In 
addition, in some, but not all preparations, a weakly 
immunoreactive band was detected at an apparent 
molecular weight of 135 kDa (Fig, lA). This second 
band, which was previously shown to correspond to 
a differentially glycosylated form of NTS3/sortilin 
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Fig. 1. Characterization and sub-cellular distribution of NTS3 
receptors in HT29 cells at steady state. (A) Immunoblotting of 
whole cell lysates from HT29 cells with the anti-NTS3 antibody 
reveals the presence of two immunoreactive bands. The band at an 
apparent weight of 105 kDa represents the major immunoreactive 
species while the band at around 135 kDa, accounts for only 
about 7% of NTS3 immunoreactivity. (B) Sub-cellular fractionation 
reveals the presence of the 1 05 kDa band in the membrane, HDM, 
LDM and N + M fractions, with the highest concentration present 
in the LDM fraction. The repartition percentage was calculated 
by multiplying the I.D./^,g protein loaded for each fraction by the 
weight of that fraction (jjig) and dividing the resulting value by 
the sum of all fractions for each experiment (n = 3, expressed as 
a percentage). Values are presented as mean ± standard error of 
the mean (S.E.M.). 



(Martin et al, 2002), accounted for approximately 
7% of total NTS3 immunoreactivity. Not surprisingly, 
therefore, only the 105 kDa band was readily appar- 
ent and quantifiable in Westem blots prepared fi-om 
sub-cellular fi*actions. 

As illustrated in Fig. IB, the highest proportion 
of 105 kDa NTS3-immunoreactive receptor proteins 
was associated with the LDM fi-action. A smaller per- 
centage was observed in association with the HDM 
fraction (Fig. IB). Only an exceedingly small propor- 
tion of immunoreactive NTS3 was associated with the 
plasma membrane (Fig. IB). Surprisingly, a signifi- 
cant proportion (~20%) of immunoreactive NTS3 was 
present in the nuclear (N + M) Auction (Fig. IB). No 
immunoreactivity was detected in the cytosolic flec- 
tion (results not shown). 
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Fig. 2. Identification of sub-cell ular fractions by immunoblotting. 
Sub-cellular fractions from unstimulated HT29 cells were resolved 
using 10% acrylamide gels and subsequently immunoblotted using 
compartment-specific sub-cellular markers. As expected, (A) the 
Mb fraction is enriched in the plasma membrane marker Na/K 
ATPase. (B) RabSA, a marker of early endosomes, is found in 
association with the HDM fraction and, to a lesser extent, with 
the Mb and N + M fractions. (C) Syntaxin-6, a marker of the 
Trans-Golgi Network (TGN), is detected exclusively in the LDM. 
(D) Histone deacetylase- 1 (HDAC-1), a protein usually present in 
the nucleus, is highly enriched in the N -I- M fraction. Immunoblots 
are representative of three independent experiments. Each bar in 
the graphs represents the I.D. of each immunoreactive band divided 
by the ixg of protein loaded for each fraction (\.D./\Lg). 
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Inununoblotting of the same fractions with specific 
sub-cellular compartment markers confirmed that the 
plasma membrane fraction was enriched in the plasma 
membrane-associated protein Na"'"/K"'"-ATPase (Fig. 
2A). HDM, and to a lesser extent plasma membrane 
and N + M fractions, were enriched in the early endo- 
some marker Rab5 A, whereas this protein was absent 
from the LDM fraction (Fig. 2B). Conversely, the re- 
cycling endosome/TGN marker syntaxin-6 was selec- 
tively detected in the LDM fraction (Fig. 2C). Finally, 
the N -I- M fraction was markedly and selectively 
enriched in histone deacetylase-1 (HDAC-1) im- 
munoreactivity, confirming fliat it contained nuclear 
components (Fig. 2D). 



3.2. Electron microscopy 

In conformity with the results of sub-cellular frac- 
tionation studies, the bulk of NTS3 immunoreactivity 
detected by electron microscopy was intracellular 
(Fig. 3). Only a small proportion of the total number of 
immunogold particles detected per cell was associated 
with the plasma membrane (Fig. 3). The major frac- 
tion was observed in association with the membrane 
of vesicular and endosomal organelles of various sizes 
and shapes (Fig. 3), as well as with cisterns of smooth 
endoplasmic reticulum and Golgi saccules (Fig. 3 A 
and B), Congruent with the results of sub-cellular 
fractionation studies, a sizeable proportion of im- 




Fig. 3. Electron microscopic localization of NTS3 in HT29 cells. (A) and (B) The bulk of NTS3 immunoreactivity is located intracellular ly. 
Only a few immunogold particles are detected over the plasma membrane (A, denoted by black arrows). Within the cytoplasm, gold 
particles are found in association with the membranes of the endoplasmic reticulum (A, arrowheads), endosomes (B, arrowheads), nucleus 
(A, white arrows) and Golgi cisterns (B, black arrows). Numerous immunogold particles are also observed in the nucleus (A) and (B). 
(A) and (B) scale bar: 1.0 jtm. (C) Sub-cellular repartition of NTS3 in unstimulated HT29 cells. Gold particles were classified as plasma 
membrane-associated, nuclear or intracytoplasmic. To calculate compartment percentages, the sum of immunoreactive gold particles in 
each compartment was divided by the sum of gold particles in alt compartments in each experiment. Each bar represents the mean ± the 
standard error of the mean (S.E.M.; n = 6). 
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as characterized above. As can be seen in Fig. 4A, 
stimulation with NT did not significantly modify the 
density of the 105 kDa NTS3-immimoreactive band 
detected in the plasma membrane flection follow- 
ing 5, 15, or 30min of stimulation with NT, when 
compared with non-stimulated controls. Similarly, 
no significant changes were detected at these time 
points in the intensity of immunoreactive NTS3 in 
HDM (Fig. 4B), LDM (Fig. 4C), or N + M fi-actions 
(Fig. 4D). 

To follow the fate of ligand-NTS3 complexes 
following stimulation with NT, HT29 cells were 
incubated for 5-30 min at 37 °C with 0.3 nM 
azido-*^^I-NT, after which the ligand was cross-linked 
to the receptor by photoirradiation and the distribution 
of radiolabeled NTS3 was assessed by autoradiogra- 
phy. Incubation of HT29 cells with azido-^^^I-NT at 
37 °C in the presence of 1 |xM unlabeled NT com- 
pletely abolished NTS3-radiolabeling (results not 
shown). In addition, incubation of azido-^^^I-NT in 



Fig. 4. Immunoblotting of sub-cellular fractions against NTS3. 
HT29 cells were stimulated, or not, with 0.3 nM azido-^^I-NT for 
5-30 min prior to photoirradiation and sub-cellular fractionation. 
Fractions were resolved on Tris-glycine gels and probed with the 
anti-NTS3 antibody. NTS3 immunoreactivity was assessed over 
time (0, 5, 15, 30min) in the Mb (A), HDM (B), LDM (C) and 
N + M (D) fractions. Immunoblots were scanned and digital im- 
ages were quantified using computer-assisted densitometry. Graphs 
represent NTS3 immunoreactivity within individual fractions over 
time. Values from 3-4 independent experiments were pooled and 
expressed as a percentage of the I.D./|jLg of an internal standard 
(the steady-state HDM fraction of one experiment, which was 
loaded on all gels). No statistically significant difference was found 
in NTS3 immunoreactivity in any fraction at any timepoint. Error 
bars correspond to the S.E.M of 3-4 independent experiments. 

munoreactive NTS3 was detected inside the nucleus 
(Fig. 3). 

5 J. Traffic ofNTSS receptors in HT29 cells 
following stimulation with NT 

3.3.]. Sub-cellular fractionation studies 

In order to determine whether agonist exposure 
modified the sub-cellular distribution of NTS3 in 
HT29 cells, cells were subjected to 5-30 min stim- 
ulation with 0.3 nM *^^I-azido-NT and the distri- 
bution of immunoreactive NTS3 was analyzed by 
Western blotting in the same sub-cellular fractions 
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Fig. 5. Photoafiinity-labeled NTS3-NT complexes accumulate over 
time within intracellular compartments. HT29 cells were incubated 
with 03 nM azido-'^^I-NT for 5, 15 or 30min prior to irradia- 
tion, sub-cellular fractionation, and resolution by SDS-PAGE (8% 
acrylamide gel). The autoradiograms reveal the association of NT 
with bands of approximate molecular weights of 105 and 135 kDa 
in: (A) the membrane, (B) HDM, (C) LDM and (D) N + M frac- 
tions. Data are presented as the integrated density (I.D.) for each 
band in arbitrary units (A.U.) in each fraction of a representative 
experiment (from n = 4); values were not standardized between 
different sub-cellular fractions. 
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the presence of 0.45 M sucrose for 30 mm prevented 
the intracellular accumulation of azido-*^^I-NT (re- 
sults not shown). In all sub-cellular fractions exam- 
ined, two radiolabeled bands were observed at the 105 
and 135 kDa molecular weight marks (Fig. 5), corre- 
sponding to the size of NTS3-immunoreactive bands 
detected by Western blot (Fig. lA). However, the re- 
spective intensity of these two bands varied between 
fractions. Indeed, at all time intervals, the intensity of 
the 135 kDa band was greater than that of the 105 kDa 
band in the Mb fraction (Fig. 5A). Conversely, in the 
LDM fraction, the density of the 105 kDa band was 
higher than that of the 135 kDa form (Fig. 5C). In 
HDM and N + M fractions, 105 and 135 kDa bands 
were of approximately equal densities at all times 
(Fig. 5B and D). 

In the plasma membrane fraction, the intensity of 
both 105 and 135 kDa bands increased markedly be- 
tween 5 and 1 5 min and decreased slightly thereafter 
(Fig. 5A). The same temporal pattern was observed 
in the HDM fraction (Fig. 5B). In the LDM fraction, 
an increase in intensity with time was noted for both 
bands. However, this increase was more rapid and 
more pronoimced for the 105 than the 135 kDa band 
and only peaked at 30 min (Fig. 5C). Finally, in the 
N -h M fraction, an increase in the amount of ligand 
cross-linked to either form of the receptor was detected 
between 5 and 30 min of ligand exposure (Fig. 5D). 



3.4. Confocal microscopy 

Confocal microscopic examination of HT29 cells 
stimulated or not with 1 0 nM NT for 40 min at 37 °C, 
rinsed, fixed, and immunolabeled with anti-NTS3 
without cell permeabilization revealed no obvious 
difference in the density of NTS3 receptors at the cell 
surface. Both before and after (Fig. 6A) NT stimu- 
lation, a thin ring of immunoreactivity was evident 
along the plasma membrane, in accordance with the 
results of sub-cellular fractionation studies. 

To visualize the fate of cell surface receptors fol- 
lowing binding of the agonist, cells were labeled with 
NTS3 antibodies at 4°C, stimulated with 10 nM NT 
for 40 min at 37 °C, fixed with paraformaldehyde, and 
permeabilized to allow for secondary antibody pen- 
etration. Under these conditions, surface-labeled im- 
munoreactive NTS3 receptors were found to undergo 
a massive translocation from the plasma membrane to 
the cytoplasm of the cells, in which they formed small, 
endosome-like, fluorescent clusters (Fig. 6B). 

To determine the extent to which NTS3 -bound lig- 
and remained associated with the receptor following 
endocytosis, visualization of surface-labeled NTS3 
receptors was combined with that of fluo-NT. As can 
be seen in Fig. 7A, B and C, immunoreactive recep- 
tors showed partial co-localization with fluorescent 
ligand molecules up to 40 min of incubation with the 
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Fig. 6. Confocal microscopic tracking of receptor-ligand internalization in HT29 cells. (A) Cells stimulated with lOnM NT for 40 min at 
37 °C and immunolabeled with anti-NTS3 without permeabilization. Immunolabeled receptors are still visible at the cell surface, in the 
form of a fluorescent ring. (B) Cells immunolabeled at 4°C with the anti-NTS3 antibody, stimulated for 40 min with 10 nM NT to promote 
internalization, and fixed and penneabilized to allow for the penetration of a fluorophore*linked secondary antibody. Immunolabeled NTS3 
receptors are detected throughout the cytoplasm in the form of small fluorescent clusters. Nu, nucleus. Scale bar: 10 |xm. 
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Fig. 7. Co-localization of internalized NTS3 receptors and fluo-NT, syntaxin-6, and transferrin in HT29 cells, (A), (B) and (C) Cell surface 
NTS3 receptors were immunolabeled at 4°C and stimulated with lOnM fluo-NT for 40min at 37 °C. Internalized cell surface-labeled NTS3 
(A, shown in red) and fluo-NT (B, shown in green) are partly co-localized within intra-cytoplasmic endosomes (arrowheads in (C)). (D), 
(E) and (F) Cell-surface NTS3 were immunolabeled at 4°C, stimulated with lOnM fluo-NT for 40min, permeabilized, and immunolabeled 
with an anti-syntaxin-6 antibody. Internalized cell-surface labeled NTS3 (D, shown in red) shows partial overlap (arrowheads in F, magenta) 
with syntaxin-6 immunoreactivity (E, shown in blue). (G), (H) and (I) Internalized fiuo-NT from the same experiment (shown in green) 
is also co-localized with syntaxin-6 (shown in blue), this is visualized in cyan in 1 (arrowheads). Cell-surface NTS3 receptors were 
immunolabeled at 4*^C and co-incubated at 37 °C for 15min with lOnM unlabeled NT and 50^jLg/mL Alexa 568-transferrin. Note the 
extensive overlap (arrowheads) between internalized NTS3 (£, shown in green) and transferrin (F, shown in red). Images are presented in 
pseudocolor. Single trans-nuclear optical sections. Scale bar: 10 p,M. 
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agonist. The fraction of internalized fluorescent lig- 
and that did not co-localize with NTS3 might have 
internalized via NTSl, which is also expressed in this 
cell line (Fig. 7C). At 40min, internalized receptors 
also partially overlapped with the TGN/central endo- 
some marker syntaxin-6 (Fig. 7D, E and F). Likewise, 
internalized fluo-NT showed overlap with syntaxin-6 
at the 40 min time point (Fig. 7G, H and I). Neither 
the Golgi marker Giantin nor the endosome marker 
Lamp-1 co-localized with internalized NTS3 (not 
shown). 

To determine whether NT-induced intemaliza- 
tion of NTS3 receptors proceeded through the clas- 
sical endosomal pathway, the internalization of 
antibody-labeled cell surface receptors was monitored 
in parallel with that of Alexa 568-tagged transferrin. 
At both time points examined (15 and 40 min), sub- 
stantial overlap was noted between NTS3- and Alexa 
568-transferrin-labeled endosomes (Fig. 7J, K and L). 

Quantification of the electron microscopic distribu- 
tion of NTS3 immunoreactivity in HT29 cells before 
and after stimulation with lOnM NT for either 10 or 
40 min showed no significant difference in the density 
of gold particles in all of the compartments examined 
including membrane fraction, HDM and LDM fi*ac- 
tions, and M -h N fi:action (not shown). 

4. Discussion 

The present study demonstrates that the neuropep- 
tide, NT is intemalized after binding to NTS3/sortilin 
receptors on the surface of HT29 cells. It also shows 
that mtemalized NT molecules are trafficked via dif- 
ferent molecular forms of NTS3 from the cell surface 
to early endosomes and from early endosomes to the 
TGN/pericentriolar recycling endosome. 

4.1. Sub-cellular distribution ofNTS3 receptors in 
HT29 ceils at steady state 

Westem blotting analysis of unstimulated whole cell 
lysates revealed the expression of two NTS3-immuno- 
reactive proteins of molecular weight 1 05 and 135 kDa 
in HT29 cells. These results conform to those of earlier 
photoaffinity labeling experiments on these same cells 
in which a-azidobenzoyl-^^^I-Tyrs-NT was shown to 
label three specific bands of 50, 105, and 135 kDa 



(Martin et aL, 2002), These proteins were found to 
correspond to NTSl (50 kDa) and NTS3 (105 and 
135 kDa) receptors by Westem blotting using specific 
antibodies (Martin et al., 2002). Moreover, the 105 
and 135 kDa forms of the NTS3 receptor were iden- 
tified as two differentially glycosylated forms of the 
same receptor by virtue of the fact that tunicamicyn 
treatment generated the 105 kDa band at the expense 
of the other (Martin et al., 2002). 

At steady state, only the largely predominant 
105 kDa form (>90%) was consistently detected here 
by Westem blot in sub-cellular fractions. However, 
the 135 kDa form was more heavily labeled than the 
105 kDa one in photoaffinity labeling experiments, 
suggesting that the highly glycosylated form of the 
protein has a greater affinity for NT and may therefore 
correspond to the functional cell surface receptor. 

Westem blotting and electron microscopic data 
concurred in demonstrating a predominant intra- 
cellular localization of NTS3 in HT29 cells, both 
before and after stimulation with NT. Similarly, the 
bulk of NTS3/sortilin endogenously expressed in rat 
adipocytes (Morris et al., 1998) or heterologously 
expressed in COS-7 cells (Navarro et al., 2001; 
Petersen et al., 1997), was detected intracellularly. 
In HT29 cells, NTS3 was found by immunoblot- 
ting to predominate in the low-density microsomal 
fraction (LDM), which was selectively labeled here 
with the TGN/pericentriolar recycling endosome 
marker syntaxin-6 (Bock, Klumperman, Davanger, 
& Scheller, 1997). The LDM fraction also contains 
vesicles arising from the Golgi and the endoplasmic 
reticulum (Morris et al, 1998), consistent with the 
detection of NTS3 immunoreactivity in the Golgi 
apparatus and smooth endoplasmic reticulum by elec- 
tron microscopy. NTS3/sortilin was previously shown 
to segregate with both LDM (Morris et al., 1998) and 
syntaxin-6-positive (Hashiramoto & James, 2000) 
fractions in rat and/or 3T3-L1 adipocytes. Within 
these cells, a high proportion of LDM-associated 
sortilin was found in vesicles containing the glu- 
cose transporter GLUT-4, which may account for the 
insulin-mediated recmitment of sortilin to the plasma 
membrane of these cells (Hashiramoto & James, 
2000; Kandror & Pilch, 1998;Lin et al., 1997; Morris 
et al., 1998). 

A smaller fraction of NTS3 immunoreactivity was 
detected in the high-density microsomal fi^ction 
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(HDM), which contains a variety of vesicular ele- 
ments, including early endosomes, as attested here 
by its enrichment in the small GTPase RabSA (Bucci 
et al., 1992; Chavrier, Parton, Hauri, Simons, & 
Zerial, 1990; Gorvel, Chavrier, Zerial, & Gruenberg, 
1991). Accordingly, NTS3 inmiunoreactivity was 
found to decorate the membrane of endosomes by 
electron microscopy. These findings are congruent 
with the resuhs of sub-cellular fractionation studies in 
adipocytes, which similarly found sortilin to be con- 
centrated in the HDM fraction (Morris et al, 1998). 

Only a small proportion of NTS3-immunoreactive 
receptors was detected here in association with 
the plasma membrane of HT29 cells by either 
Western blotting or electron microscopy. Similarly, 
only a limited fraction of the cells' provision of 
NTS3/sortiIin was found at the plasma membrane 
in NTS3-transfected CHO (Nielsen et al., 1999) or 
COS-7 cells (Navarro et ah, 2001) as well as in cell 
types endogenously expressing NTS3/sortilin, such as 
adipocytes (Morris et al., 1998). Nonetheless, studies 
in transfected CHO cells suggest that such low den- 
sity of cell surface receptors is sufficient to ensure 
transduction of the effects of NT (Dal Farra et al., 
2001). 

A surprising finding was the presence of a rela- 
tively high concentration of NTS3/sortilin in Western 
blots of the N -f M fraction. A similar association 
of NTS3 immunoreactivity with the N -1- M frac- 
tion was previously observed in transfected COS-7 
cells (Navarro et al., 2001). This fraction contains 
mitochondrial, but also nuclear elements, as demon- 
strated by its high content in HDAC-1 immimore- 
activity. Given that an important fraction of NTS3 
immunoreactivity was also detected inside the nu- 
cleus by electron microscopy, it can be surmised 
that at least a fraction of receptor proteins detected 
in the N -h M fraction by Western blot is associated 
with the nucleus as opposed to mitochondria or to 
other cross-contaminants. Nonetheless, this nuclear 
localization is puzzling since NTS3 is a transmem- 
brane protein and since it possesses no recognized 
nuclear localization signal (Petersen et al., 1997). 
Furthermore, nuclei from adipocytes (Morris et al., 
1998), microgial cells (Martin et al., 2003) and central 
neurons (Sarret et al, 2003) were devoid of nuclear 
labeling following immunostaining with the same 
antibody as used here. Thus, it would appear that 



the present nuclear labeling is specific, but may be a 
feature of tumoral cells. 

4.2, Traffic ofNTSS receptors in HT29 cells 
following stimulation with NT 

Stimulation of HT29 cells with NT resulted in 
ligand-induced internalization of NTS3/NT com- 
plexes as jomtly demonstrated by photoaffinity la- 
beling and confocal microscopic experiments. These 
results conformed to those of earlier photoaffinity la- 
beling studies which had shown *^^I-azido-NT to in- 
ternalize via both NTSl and NTS3 receptors in these 
cells (Martin et al., 2002). In fact, these biochemical 
studies had suggested that the contribution of NTS3 
might be more important than that of NTS 1 in this pro- 
cess. Indeed, after acid wash of photoaffinity-labeled 
cells, bands corresponding to the NTS3 were more 
intensely labeled than the one corresponding to the 
NTSl receptor (Martin et al., 2002). It was impos- 
sible in either these earlier or the present experi- 
ments to inhibit NT binding to NTSl receptors using 
the NT antagonist SR48692 to selectively demon- 
strate ligand internalization via NTS3 receptors since 
this drug also recognizes the NTS3 (Martin et al., 
2003). However, studies in COS-7 and CHO cells 
transfected with either human (not shown) or mouse 
NTS3 receptor have shown that cell surface NTS3 
receptors could bind and mediate endocytosis of 
NT and LpL, respectively (Navarro et al., 2001; 
Nielsen et al., 1999). 

As previously observed in transfected cells (Navarro 
et al., 2001), ligand-induced internalization of NTS3 
caused no detectable decrease in the density of cell 
surface receptors, as assessed by Westem blotting, 
as well as by confocal and electron microscopic im- 
munocytochemistry. Using cell surface labeling and 
inmaunoprecipitation techniques on HT29 cells, we 
previously showed that NTSl, but not NTS3 receptors 
decrease from the plasma membrane upon stimulation 
with NT (Martin et al., 2002). This selective decrease 
in NTSl likely accounts for the down regulation of 
NT binding sites observed after prolonged exposure 
to high concentrations of NT (Turner et al., 1990). On 
the contrary, photoaffinity-labeling experiments sug- 
gested that, if anything, the amount of NTS3 receptors 
available for NT binding might have been slightly in- 
creased after 15-30 min of ligand exposure. Two com- 
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plimentaiy mechanisms could account for this cell sur- 
face up-regulation. First, internalized NTS3 receptors 
might recycle to the cell surface as previously demon- 
strated in transfected cells (Navarro et al., 2001). Sec- 
ond, reserve intracellular receptors may be recruited 
to the plasma membrane from intracellular stores. As 
with other Type I receptors (e.g. CI-M6PR), NTS3 
was shown to be translocated to the plasma mem- 
brane upon cell surface receptor stimulation (Chabry 
et al,, 1993; Hashiramoto & James, 2000; Morris et al., 

1998) . In HT29 cells, translocation of NTS3 recep- 
tors to the plasma membrane could account for the 
reported rapid return of [^^^I]-NT cell surface bind- 
ing to control levels observed upon agonist removal 
(Turner etal, 1990). 

The NT-induced internalization of NTS3 proceeded 
via the classical endosomal endocytic pathway, as 
attested by the increased photolabeling with time 
of receptors in HDM and LDM fractions and the 
co-localization of mtemalized receptors with fluores- 
cent transferrin. The increase in the concentration of 
covalently bound NT in HDM and LDM compart- 
ments was not matched by an augmentation in the 
whole protein content of these fractions as measured 
by Western blot, suggesting that labeled receptors rep- 
resent only a small proportion of the total. Also, the 
increase in NT-labeled NTS3 was tardier in the LDM 
than in the HDM fraction, which is consistent with 
traffic of internalized receptors from early endosomes 
(in the HDM) to late endosomes and/or to the pericen- 
triolar recycling endosome and thereby to the TGN 
(Gruenberg & Maxfield, 1995; Mallet & Maxfield, 

1999) . Accordingly, confocal microscopic tracking 
of surface-labeled NTS3 receptors demonstrated 
that internalized NTS3 remained co-localized with 
transferrin over time, while becoming increasingly 
co-localized with the TGN marker syntaxin-6. Several 
endogenous proteins have been shown to travel from 
endosomes to the TGN, including CI-M6PR, TGN38, 
and fiirin (reviewed in Johannes & Goud, 1998). Tar- 
geting of intemalized NTS3 receptors to the TGN 
is in keeping with the recent report that intemalized 
chimeric receptors bearing the C-terminal tail of sor- 
tilin are trafficked to a TGN38-positive juxta-nuclear 
structure in transfected CHO cells (Nielsen et al., 
2001). 

The fact that azido-^^^I-NT could still be cova- 
lently cross-linked to NTS3 receptors within the TGN 



was surprising given that NT/NTS3 complexes nor- 
mally should have dissociated in the acidic environ- 
ment of early endosomes. Furthermore, whereas the 
major form of NTS3 affinity-labeled at the cell sur- 
face was the heavily glycosylated 135kDa protein, 
the one that showed the higher levels of increased ra- 
diolabeling within the LDM fraction with time was 
the low molecular weight one. A possible explanation 
for these findings could be that the ligand internalizes 
via cell surface NTSl and/or 135kDa NTS3 recep- 
tors, dissociates in early endosomes, and is then sorted 
from early endosomes to the TGN via the 105 kDa 
NTS3/sortilin (NTSl receptors being targeted to lyso- 
somes) (Vandenbulcke, Nouel, Vincent, Mazella, & 
Beaudet, 2000). Another possibility would be that the 
135 kDa form of the receptor is either deglycosylated 
or degraded to a 105 kDa protein after internalization. 

The fate of intemalized NT once it has reached the 
TGN is unclear. One possibility is that it is sorted back 
to the plasma membrane and thereby cleared from its 
target cell. Indeed, other peptide ligands are report- 
edly released back into the extracellular space follow- 
ing intemalization in epithelial cells (Koenig, Kaur, 
Dodgeon, Edwardson, & Humphrey, 1998). A second 
possibility is that internalized NT is sorted to lyso- 
somes for degradation. This hypothesis appears un- 
likely, however, given that fluo-NT was never found 
to co-localize with lysosomal markers. Interestingly, 
cross-linked NTS3-ligand complexes were detected 
in the N + M fraction 30 min after ligand exposure 
in our sub-cellular fractionation studies. Admittedly, 
this fraction was not purified and its labeling could 
be due to cross-contamination with non-nuclear ele- 
ments. Nonetheless, in view of the electron micro- 
scopic detection of NTS3 in the nucleus, the possi- 
bility that intemalized NT or NT/NTS3 complexes 
are actually targeted to the nucleus cannot be read- 
ily excluded. Such nuclear targeting could account 
for the intemalization-induced transcriptional changes 
(Souaze, Rostene, & Forgez, 1997) and induction of 
the primary response gene KroX'24 (Poinot-Chazel 
et al., 1996) demonstrated in HT29 cells following 
stimulation with NT. 

The present results demonstrate that NT binds to, 
and internalizes with, a large molecular form of NTS3 
on the surface of HT29 cells. Once intemalized, both 
ligand and receptor are trafficked to the TGN via 
the classical endosomal pathway. However, within the 
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TGN, NT is bound to a lower molecular form of the 
receptor than on the cell surface or in early endocytic 
compartments. These results suggest that either signal- 
ing and transport functions of NTS3/sortilin are medi- 
ated through different molecular forms of the protein, 
or that the receptor undergoes metabolic changes in 
the course of intra-cellular trafficking. In any event, 
the present results are consistent with NTS3 playing 
a receptor role for NT in HT29 cells. 
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Lipoprotein lipase and the receptor-associated pro- 
tein (RAP) bind to overlapping sites on the low density 
lipoprotein receptor-related protein/a2-macroglobiilin 
receptor (LRP). We have investigated if lipoprotein 
lipase interacts with the RAP binding but structurally 
distinct receptor sortilin/neurotensin receptor-3. We 
shoWy by chemical cross-linking and surface plasmon 
resonance analysis, that soluble sortilin binds lipopro- 
tein lipase with an af^nity similar to that of LRP. The 
binding was inhibited by heparin and RAP and by the 
newly discovered sortilin ligand neurotensin. In ^^S-la- 
beled 3T3-L1 adipocytes treated with the cross-linker 
dithiobis(succinimidyl propionate), lipoprotein lipase- 
containing complexes were isolated by anti-sortilin an- 
tibodies. To elucidate function in cells, sortilin-negative 
Chinese hamster ovary cells were transfected with full- 
length sortilin and shown to express about 8% of the 
receptors on the cell surface. These cells degraded ^^^I- 
labeled lipoprotein lipase much faster than the wild- 
type cells. The degradation was inhibited by unlabeled 
lipoprotein lipase, indicating a saturable pathway, and 
by RAP and heparin. Moreover, inhibition by the weak 
base chloroquine suggested that degradation occurs in 
an acidic vesicle compartment. The results demonstrate 
that sortilin is a multifunctional receptor that binds 
lipoprotein lipase and, when expressed on the cell sur- 
face, mediates its endocytosis and degradation. 



Lipoprotein lipase (LpL)^ is rate-limiting in hydrolysis of 
triglycerides in circulating lipoproteins, and reduced levels or 
activity of the active dimeric species therefore lead to increased 
triglyceride levels. Even small changes in LpL function in man 
may have important consequences. Thus, common mutations 
in the LpL gene with marginal effects on the activity are 
associated with dyslipidemias (1, 2) and may enhance the de- 
velopment of atherosclerosis (3). 
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The mechanisms for synthesis, folding, and secretion of LpL 
to the lumenal side of the vascular epithehum are not known in 
detail. A large part of the synthesized LpL is normally de- 
graded within the cell (4, 5), and trimming of sugar residues 
from oligosaccharide chains of LpL appears necessary for 
proper folding and expression of LpL activity (6). Moreover, 
dimerization is important for regulation of catalytic activity (7). 
At the endothelium, LpL is bound to heparan sulfate proteo- 
glycans. LpL easily dissociates from these sites (8) and reasso- 
ciates to other sites, including receptors that mediate its up- 
take into cells. Clearance occurs via multifunctional endocytic 
receptors of the LDL receptor family, notably LDL receptor- 
related protein/ag-macroglobulin receptor (LRP) (9, 10), aided 
by accumulation of LpL on cell surface proteoglycans (10, 11) as 
well as directly via transmembrane proteoglycans (12-15). 

Sortilin is a ~95-kDa type-I receptor first isolated from hu- 
man brain (16) and recently shown to be identical with the 
neurotensin receptor-3 (17). It consists of a lumenal domain 
homologous to yeast vacuolar protein-sorting 10 protein, a sin- 
gle transmembrane domain, and a short c)rtoplasmic tail with a 
C terminus strongly homologous to that of the mannose 6-phos- 
phate/insulin-like growth factor-II (IGF-II) receptor (16). In 
mature sortilin, an N-terminal 44-residue propeptide has been 
cleaved off, and recent results show that furin-mediated 
propeptide cleavage conditions sortilin for ligand binding (18). 
Besides in neurones, sortilin is abundant in several cell types 
including skeletal muscle, heart, and adipocytes (16, 19). Al- 
though sortilin, like the IGF-II receptor, is mainly located in 
the Golgi compartment and vesicles (16, 17), it is also expressed 
on the cell surface. In differentiated 3T3-L1 adipocytes, sortilin 
colocalizes with the IGF-II receptor, and insulin causes a --^2- 
fold increase in the expression of both receptors on the plasma 
membrane (19). Thus, like the IGF-II receptor, sortilin has the 
potential of functioning both as a sorting receptor in the CJolgi 
compartment and as a clearance receptor on the cell surface. 

Mature sortilin binds the receptor-associated protein, RAP 
(16), a specialized chaperone that interacts with LDL receptor 
family members, notably the multifunctional receptors LRP, 
megalin, and the very low density lipoprotein receptor (for 
reviews, see Refs. 20-22). RAP consists of three homologous 
domains of which domain D3 binds to sortilin (23). We have 
previously shown that LpL and segments of RAP containing D3 
cross-compete for binding to LRP, and these ligands are there- 
fore thought to bind to the same or overlapping sites on the 
receptor (24). As an approach to elucidate the function of sor- 
tilin as a putative endocytic and sorting receptor, we therefore 
investigated whether sortilin binds LpL. We show that the 
soluble lumenal domain of mature sortilin (s-sortilin) binds 
LpL with an affinity comparable with that of LRP and that the 
binding is inhibited by RAP and by neurotensin. Moreover, LpL 
is associated with sortilin in 3T3 adipocjrtes and is specifically 
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degraded in stably transfected CHO cells that express mature 
full-length sortilin on the cell surface. We propose that sortilin, 
in addition to performing not yet elucidated sorting functions in 
the Golgi compartment, scavenges a diverse set of extracellular 
ligands such as LpL and neurotensin, 

MATERIALS AND METHODS 

Sortilin, LpL, and RAP — The extracellular domain of matxire sortilin 
(s-sortilin), comprising residues 45-725 of full-length sortilin, was ex- 
pressed in stably transfected Chinese hamster ovary (CHO-Kl) cells 
and purified from the culture medium by RAP affinity chromatography 
as described (23). The propeptide (residues 1-44) was expressed in 
Escherichia coli BL21(DE3) cells as a glutathione S-transferase fu- 
sion protein using the pGEX4T vector (Amersham Pharmacia Bio- 
tech) and purified on a glutathione-agarose column (18). Full-length 
sortilin was subcloned from the cloning pBK-CMV vector (16) into the 
pCDNA3.1/Zeo(-) vector using ^al and Smal restriction enzymes and 
transfected into CHO-Kl cells (18). LpL was purified from bovine milk 
as the enzymatically active dimeric enzyme (—600 units/mg) as de- 
scribed previously (25). LpL and s-sortilin were ^^"^I-iodinated to specific 
activities of about 0.5 mol of ^^^I/mol of protein using chloramine T as 
the oxidizing agent. The iodinated LpL preparation was applied to a 
Sepharose C16B column (Amersham Pharmacia Biotech). Labeled ma- 
terial that eluted at 0.9 m NaCl was discarded, and the fraction that 
eluted at 1.5 m NaCl, representing the dimeric form of the lipase, was 
used for experiments. In some cases, LpL was made monomeric by 
incubation with 1 m guanidinium hydrochloride for 3 h at 20 "^C and 
dialyzed immediately before use (26). The construct LpL-(347-389/394- 
448 was produced in E. coli as described (27). The construct consists of 
the hexahistidine-Factor X substrate sequence Met-Gly-Ser-(His)6-Ser- 
Ile-Glu-Gly-Arg and amino acid residues 347-389 and 394-448 of hu- 
man LpL. Deletion of the sequence Trp'^^^-Ser-Asp-Trp^®^ from the 
construct LpL-(347-448) increases the solubility of the peptide. The 
construct contains the sites for binding to LRP and has about the same 
affinity as the iminterrupted stretch LpL-(347-448) and LpL-(313- 
448), which constitutes the C-terminal folding domain of LpL (27). 
Human RAP and RAP constructs containing domain Dl (residues 18- 
112) or domains 2 and 3 (D23) (residues 113-323) were produced in E, 
coli gis hexahistidine-tagged peptides (28). 

Antibodies — Rabbit anti-s-sortilin IgG used for immunoprecipitation 
of sortilin and for Western blotting and rabbit antiserum against a 
synthetic peptide containing residues Pro^^-Arg^^ of the sortilin propep- 
tide have been described (18). For detection of LpL in mouse 3T3-L1 
adipocytes, we used IgG isolated from egg yolk of chickens immunized 
with bovine LpL (29). 

Cross-linking of Soluble Components and Solid Phase Assay — ^^^I- 
Labeled s-sortilin (—10^ cpm) was incubated with LpL in 140 mM NaCl, 
10 mM CaClg, 10 mM Hepes, pH 7.8, for 16 h at 4 **C followed by 
incubation with the bifunctional reagent BS^ (Pierce) at a final concen- 
tration of 100 for 30 min at 20 "C. The reaction was quenched by the 
addition of SDS sample buffer with 20 miM Tris followed by SDS-PAGE 
and autoradiography. For solid phase assay, LpL was immobilized in 
PolyBorp microtiter wells (NUNC, Denmark), the wells were blocked 
with 2% Tween 20 for 2 h at 20 **C (24), and incubations with ^^I-s- 
sortilin were in the above buffer. After 16 h at 4 'C, the wells were 
washed, and bound radioactivity was eluted with 10% SDS and 
counted. 

Surface Plasmon Resonance Analysis — ^All measurements were per- 
formed on a BIAcore 2000 instrument (Biosensor, Uppsala, Sweden) 
equipped with CM5 sensor chips. The carboxylated dextran matrix of 
the sensor chip (flow cells 1 and 2) was activated by the injection of 240 
III of solution containing 0.2 m iV-ethyl-JV'-(3-dimethylaminopropyl)car- 
bodiimide and 0.05 M JV-hydroxysuccimide in water, and s-sortilin was 
immobilized to an estimated density of 64 fmol/mm^. Samples for bind- 
ing (40 ^1) were ii\jected at 5 ^1/min (4 **€) in 10 mM Hepes, 150 mM 
NaCl, 1.5 mM CaCl^. 1 mM EGTA, 0.005% Tween 20. pH 7.4 (running 
buffer), and binding was expressed in terms of relative response units 
(RU), e.g. the response obtained from the flow cell with immobilized 
sortilin minus the response obtained using an activated but uncou- 
pled flow cell. Regeneration of the chip was performed by injecting 20 
^1 of 10 mM Tris, 50 mM NaCl, 4 M urea, 0.005% Tween 20, pH 8.0. 
Kinetic parameters were determined using the BIAevaluation 3.0 
software. The number of LpL molecules bound/mol of immobilized 
sortilin was estimated by dividing the ratio RU,iga„d/mass,igand with 

RU„rtiiin/maSS,ortiiin- 

Culture and Incubation of Cells — 3T3-L1 fibroblasts were grown in 
Dulbecco's modified Eagle's medium/F-12 (1:1 mix; Bio-Wittaker, Bel- 



gium), 10% donor calf serum, and 50 ^g/ml gentamycin. To induce their 
differentiation to adipocytes, donor calf serum was replaced with fetal 
calf serum, and the medium was supplemented with 10 fiM dexametha- 
sone for 48 h and subsequently with insuHn (10 /utg/ml) for 8 days. 
Wild-type CHO-Kl cells and cells stably transfected with sortilin (18) 
were grown to near confluency in HyQ-CCM5 medium (HyClone, Utah; 
about 3 X 10^' cells/well). Degradation of ^^'^I-LpL at was measured as 
12% trichloroacetic acid-soluble radioactivity in the medium. 

Metabolic Labeling — 3T3-L1 adipocytes were washed, preincubated 
for 10 min in cysteine- and methionine-free modified Eagle's medium 
(Sigma) before overnight incubation in the same medium supplemented 
with 200 /xCi/ml P'^S] cysteine and P^'S] methionine (pro-mix, Amersham 
Pharmacia Biotech), 5% full medium, and 10 /xg/ml insulin. For iden- 
tification of LpL-sortilin complexes, labeled 3T3-L1 cells were incu- 
bated with 1 mM cell-permeable and reducible cross-linker dithio- 
bis(succinimidyl propionate) (Pierce). After 30 min at 4 **C, the reaction 
was quenched in 20 mM Tris, and following washes, the cells were lysed 
in 400 fsl of 1.0% Triton X-100 containing 20 mM Tris and proteinase 
inhibitors (Complete Mini, Boehringer Mannheim). After centrifuga- 
tion, the lysate supernatant was diluted in 2 ml of a Tris-balanced salt 
solution and incubated with Sepharose-coupled anti-s-sortilin IgG for 
16 h at 4 "C. The beads were washed, and bound material was eluted in 
300 of 100 mM glycine, pH 2.7, neutralized with Tris buffer and 
subjected to reducing SDS-PAGE either before or after an additional 
step of precipitation using chicken anti-LpL IgG. Diphenyloxazole-flu- 
orographed gels were exposed at -70 "C. 

Quantitation of Cell Surface-expressed Sortilin — The transfected 
CHO cells were washed three times in ice-cold phosphate-buffered 
saline, pH 8.0, and incubated with 0.5 mg/ml membrane-impermeable 
reagent sulfo-JV-hydroxysuccinimidobiotin (Pierce, IL) for 90 min at 
4 'C. After washes in phosphate-buffered saline with 50 mM Tris to 
quench any unreacted reagent, the cells were lysed for 10 min at 4 **C in 
1% Triton X-100, 20 mM Tris, 10 mM EDTA, 150 mM NaCl. pH 8.0, with 
protease inhibitors, and biotinylated proteins were precipitated with 
streptavidin-coupled Sepharose 4B beads (Z5mied Laboratories Inc., 
CA). The fractions of streptavidin-bound {i.e. surface-biotinylated) and 
unbound sortilin were detected by Western blotting using horseradish 
peroxidase-conjugated swine anti-rabbit IgG as secondary antibody 
(Dako, Denmark) and enhanced chemiluminescence (ECL; Amersham 
Pharmacia Biotech). Quantitation was performed by laser scanning 
densitometry using a 2202 Ultroscan instrument (LKB, Sweden). 

RESULTS 

Soluble Sortilin Binds LpL — ^To test for binding, we first 
incubated LpL with ^^^I-labeled s-sortilin followed by the ad- 
dition of the cross-linker BS^. As shown in Fig. LA, a complex was 
formed when the labeled receptor was incubated with 125 nM 
LpL {lane 2) but not without LpL {lane 1), The labeled complex 
was increased by unlabeled soluble sortiHn at low concentration 
(9 um) (lane 3). However, the formation of complex was inhibited 
by 180-540 nM unlabeled soluble sortilin {lanes 4 and 5) and by 
heparin {lane 6), In addition, 500 um LRP or megalin, which are 
both known to bind LpL (10, 11, 30), abolished the formation of 
complex between sortilin and LpL (not shown). 

We next examined if RAP inhibits the binding. Because the 
cross-linked complex with RAP is not easily distinguished from 
that with LpL (Fig. LB, lanes 3 versus 2), we used the smaller 
construct comprising RAP D23, which binds to sortilin (23) and 
shares binding sites with LpL on LRP (24). At 5 /ulm, D23 
markedly inhibited sortilin-LpL complex and caused the for- 
mation of a smaller complex (lane 4\ whereas 125 nM D23 
caused partial inhibition (lane 5). To further analyze the inhi- 
bition, ^^^I-sortilin was incubated with LpL immobilized in 
microtiter wells. Fig. 2 shows that RAP and RAP D23, but not 
Dl, inhibited the binding reaction. This agrees with the previ- 
ous result that sortilin binds RAP D3 and D23 but not the 
individual domains Dl or D2 (23). 

The binding of LpL was further substantiated by plasmon 
resonance analysis using s-sortilin immobilized on the sensor 
chip. Fig. 3A shows that LpL binds readily and demonstrates a 
marked decrease in binding when LpL was made monomeric by 
treatment with guanidinium hydrochloride. The calculated ca- 
pacity was about 0.4 mol of LpL/mol of s-sortilin, suggesting 
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Fig. 1. Cross-linking of sortilin to LpL. A, ^^^I-labeled s-sortilin 
{100 pM, —10^ cpm) was incubated for 16 h at 4 **C without additions 
(lane 1) or with 125 nM LpL in the absence (lane 2) or presence of 9, 180, 
or 540 nM unlabeled sortilin (lanes 3-5\ or heparin (100 units/ml) (lane 
6)y followed by incubation with the cross-linker BS^ for 30 min. The 
reaction was then quenched, and the samples were applied to reducing 
SDS-PAGE (4-16%). B, incubation was with ^^I-s-sortilin without 
additions (lane i), with 125 nM LpL alone (lane 2), or with 125 nM LpL 
plus 5 jLjLM RAP (lane 5), 5 fiM RAP D23 (lane 4\ or 125 nM RAP D23 (lane 
5), followed by cross-linking and SDS-PAGE. The bands were visualized 
by autoradiography. 





RAP constnicts (nM) 

Fig. 2. Inhibition of sortilin binding to LpL by RAP constructs. 
**®I-s-sortilin (~100 pM) was incubated in microtiter wells with immo- 
bilized LpL in the presence of RAP, RAP Dl, or RAP D23 as indicated. 
The results are the mean values ±1 S.D. of three replicate values. The 
binding of ^^^I-sortilin in the absence of inhibitors was approximately 
5% that of the added tracer and was normalized to 100%. The back- 
ground values for binding (about 0.5% of the added tracer) have been 
subtracted. 

that the binding stoichiometry might be 1:1. The for binding 
of LpL to s-sortilin was calculated at about 26 hm from these 
and a series of similar curves obtained at LpL concentrations 
ranging from 9 nM to 454 nM. The affinity for binding of mono- 
meric LpL was about 100-fold lower. For comparison, LpL 
binding was also analyzed using LRP immobilized to the chip. 
The value was calculated at about 11 nM for binding of LpL 
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Fig. 3, Surface plasmon resonance analysis of LpL binding to 
sortilin. A, the sensor chip was coupled covalently with s-sortilin and 
perfused with LpL at the concentrations indicated or with LpL made 
monomeric by treatment with guanidinium hydrochloride. The perfu- 
sion was shifted to buffer alone at 700 s. B, the chip was perfused with 
100 nM LpL or 20 of the peptide LpL-(347-389/394-448). Perfusion 
was also performed with 20 /xM neurotensin (NT), which itself gives a 
minor signal because of its small size, and 100 nM LpL was added at 
740 s (arrow). 

to LRP and was in the micromolar range when LpL had been 
made monomeric (not shown), which is in broad agreement 
with previous observations using LRP immobilized in microti- 
ter wells (11). To further test the specificity of LpL binding, the 
chip with immobilized sortilin was perfused with the fragment 
LpL-(347-389/394-448), which contains the two LRP binding 
segments in the C-terminai folding domain of human LpL (27). 
Fig. SB shows that this peptide (20 ^u) binds to sortilin, sug- 
gesting that the same segments in LpL are required for inter- 
action with the two receptors. We also probed whether the 
13 -residue neuropeptide neurotensin, recently identified as a 
sortilin ligand (17), interferes with LpL binding. As shown in 
Fig. 35, neurotensin at 20 p,M essentially abolished the binding 
of LpL, suggesting that the two ligands bind to overlapping 
sites on sortilin. Finally, we tested the sortilin propeptide (as 
glutathione S-transferase fusion protein), which binds to s- 
sortilin as well as to mature full-length sortilin and inhibits 
binding of RAP and neurotensin (18). The results demonstrated 
that s-sortilin, when first incubated with LpL at a near-satu- 
rating concentration (200 nM, cf. panel A\ was unable to bind 
propeptide (not shown). 
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Fig. 4. Binding of LpL to sortilin in 3T3-L1 adipocytes. ^^S- 
Labeled 3T3 cells were treated with the cell-permeable and thiol-cleav- 
able cross-linker, dithiobis(succinimidyl propionate). After quenching of 
the reaction, the cells were lysed followed by incubation with Sepha- 
rose-coupled anti-sortilin. Lane 1 shows SDS-PAGE (8-16%) followed 
by autoradiography of acid-eluted labeled proteins after cleavage of the 
cross-linker by reduction. Some of the eluted material (before reduction) 
was immunoprecipitated with chicken anti-LpL. Lane 2 shows the 
precipitated labeled proteins after cleavage of the cross-linker. The 
bands were visualized by autoradiography of 2,5-diphenyloxazole-im- 
pregnated gels. 



Thus, LpL binds to soluble sortilin with an affinity compa- 
rable with that for binding to LRP, presumably via its C- 
terminal folding domain. Moreover, the binding is competed for 
by the sortilin ligands, RAP (via D3) and neurotensin and by 
the sortilin propeptide. 

Binding of LpL to Sortilin in 3T3'L1 Cells — To elucidate 
interaction in cells, we used 3T3-L1 adipocytes because they 
express LpL as well as sortilin (31, 19). Initially we observed 
coexpression of LpL and sortilin upon differentiation, Le. after 
3-4 days in culture (not shown). Fully differentiated ^^S-la- 
beled 3T3-L1 adipocjrtes were incubated with the permeable 
and thiol-cleavable cross-linker dithiobis(succinimidyl propio- 
nate) and lysed, followed by incubation with Sepharose-coupled 
rabbit anti-sortilin IgG. Complexes were then released from 
the Sepharose beads and subjected to reducing SDS-PAGE. As 
shown in Fig. 4, lane 1, a dominating band corresponds to 
sortilin itself, and a marked band is compatible with LpL. 
Other labeled peptides may represent nonspecific binding re- 
actions. To confirm the presence of LpL, we immunoprecipi- 
tated the complexes released from the anti-sortilin Sepharose 
beads using chicken anti-LpL IgG. Fig. 4, lane 2, shows that 
reducing SDS-PAGE identified labeled peptides compatible 
with LpL and sortilin. Thus, a fraction of LpL appears associ- 
ated with sortilin in the 3T3-L1 cells. 

Sortilin Can Mediate LpL Degradation — We used stably 
transfected CHO cells to elucidate functional consequences of 
LpL binding to sortilin. The transfectants expressed sortilin in 
contrast to the wild-type cells as seen from Western blotting of 
total lysates (Fig. 5A, inset^ lane 2 versus lane i). The receptor 
was predominantly in the mature form because no reaction was 
observed when using anti-serum directed against the N-termi- 
nal propeptide (not shown). This is in agreement with the 
results of pulse-chase experiments, demonstrating that all 
newly synthesized sortilin is cleaved (18). To assess the fraction 
of sortilin expressed on the cell surface, the transfectants were 
treated with the nonpermeable reagent sulfo-JV-hydroxysuccin- 
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Fig. 5. Degradation of LpL in sortilin-transfected CHO cells. A, 

the cells (1 x 10^/well) were incubated at 37 ''C in 300 of medium 
with ^^^I-LpL (1.5 X 10"^ cpm/ml). The ordinate shows the percent of the 
added tracer soluble in trichloroacetic acid. A, the filled symbols repre- 
sent sortilin transfectants, and the open symbols represent wild-type 
cells without (circles) and with (triangles) 500 nM unlabeled LpL. The 
inset shows Western blots of total lysates of wild-type (lane 1) and 
transfected cells (lane 2). Lane 3 shows the Western blot of biotinylated 
sortilin recovered on streptavidin-Sepharose from the lysate of surface- 
biotinylated cells. Lane 4 shows Western blot of the remaining nonbi- 
otinylated sortilin in the same lysate. The band shown in lane 3 repre- 
sents lysate from 11 times more cells than the band shown in lane 4. B, 
degradation of ^^^I-LpL by the transfected cells incubated for 3 h with- 
out additions, with RAP (6 /xm), or with chloroquine (100 /xm). All values 
are means of triplicate determinations ±1 S.D. 

imidobiotin at 4 °C and lysed, and biotinylated proteins were 
recovered on strep tavidin-Sepharose beads. Sortilin was then 
detected by SDS-PAGE followed by Western blotting of the 
bound material as compared with the sortilin content in the 
fraction of the lysate not bound to streptavidin-Sepharose. Fig. 
5, insety shows that biotinylated (lane 3) as well as nonbiotiny- 
lated sortilin (lane 4) were readily detected. Scanning densi- 
tometry of the Western blots {cf legend to Fig. 5) revealed that 
about 8% sortilin in the transfected cells had been accessible to 
biotinylation and, thus, represents the fraction expressed on 
the cell surface. 

We next aimed at determining LpL binding to the cell sur- 
face expressed sortilin. However, ^^^I-labeled LpL bound 
readily and equally well to wild- type and transfected CHO cells 
(not shown), presumably to cell surface proteoglycans as shown 
previously (12). Experiments were therefore performed to de- 
termine whether sortilin mediates uptake and subsequent deg- 
radation of the surface-associated LpL. As shown in Fig. 5A, 
the transfected cells degraded ^^^I-LpL much faster than wild- 
type cells. The cell-mediated degradation was inhibited by 100 
units/ml heparin (not shown) and by 500 um unlabeled LpL, 
indicating a saturable mechanism. As shown in Fig. 5£, the 
degradation of LpL in sortilin transfectants was inhibited by 
RAP and by the weak base chloroquine that raises pH in 
intracellular compartments. We conclude that sortilin ex- 
pressed on the cell surface can interact with LpL and mediate 
its degradation. 

DISCUSSION 

The results show that sortilin is multifunctional because it 
binds LpL in addition to neurotensin, and they establish sor- 
tilin as an endocytic receptor on the cell surface because it can 
mediate LpL degradation. The affiinity of LpL for binding to 
sortilin is similar to that for binding to LRP. As also shown for 
LRP (11), the LpL monomer has markedly reduced affinity, 
possibly because the dimeric state provides the right conforma- 
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tion for receptor binding segments in the C-terminal folding 
domain. Alternatively, it cannot be excluded that the LpL 
dimer can interact with two sortilin molecules. We consistently 
observed that small amounts of unlabeled s-sortilin facilitated 
cross-linking of labeled sortilin to LpL (Fig. 1). Although this 
phenomenon remains unexplained, it is possible that sortilin, 
like heparin, can help stabilizing LpL in the dimeric form. 

Sortilin is mainly located intracellularly in several cell types. 
In transiently transfected COS-1 cells, full-length sortilin is 
mainly in the Golgi compartment, and chimeric receptors con- 
sisting of the C-terminal cytoplasmic tail of sortilin and the 
lumenal domain of the interleukin-2 receptor colocalize with 
the IGF-II receptor (16). The molecular basis for the predomi- 
nant retrieval of sortilin to the Golgi compartment is most 
likely the acidic cluster at the C terminus, because an identical 
cluster in the IGF-II receptor, containing a phosphorylatable 
serine residue, is important for the retrieval via interaction 
with the newly identified protein PACS-1 (32), In neurons, 
however, sortilin is up-regulated on the cell membrane follow- 
ing neurotensin-induced sequestration of the neurotensin re- 
ceptor-1 (17, 33), and in rat adipocytes and 3T3-Ll-cultured 
adipocytes, the fraction of sortilin expressed on the surface is 
increased 1.7-fold by insulin (19). Interestingly, both the local- 
ization and the insulin responsiveness of sortihn in adipocytes 
resembles that of the IGF-II receptor, presumably because of 
the homology of important signal sequences in their cytoplas- 
mic tails (16). The two receptors are therefore likely to be 
similar in terms of cycling among the (jolgi, endosomal, and 
plasma membrane compartments. The transfected CHO cells 
described in this report express about 8% of sortilin on the cell 
surface, in broad agreement with the fractional surface expres- 
sions of sortilin and IGF-II receptors in adipocjd^s and of 
IGF-II receptors in normal rat kidney cells (19, 34), 

LpL is taken up by members of the LDL receptor family, 
particularly LRP (9,11), through contacts in the the C-terminal 
folding domain of the LpL (27). The molecular basis for the 
interaction with sortilin appears to be similar because a con- 
struct of LpL containing the segments important for binding to 
LRP also bound to sortilin. In addition, RAP domains D23 and 
LpL cross-compete for binding to sortilin, indicating that the 
two ligands have the same or overlapping sites for binding like 
on LRP (24). Previous studies using cultured cells have shown 
that LpL, independent of its catalytic activity, can enhance 
lipoprotein uptake by providing a bridge between lipoproteins 
and endocytic receptors of the LDL receptor family (Refs. 11, 
35, and 36; for review, see Ref. 22), and LpL-facilitated lipopro- 
tein uptake has recently been confirmed in vivo (37). Future 
studies should show whether sortilin, via interaction with LpL, 
participates in receptor-mediated lipoprotein uptake. 

The result that cell surface-expressed sortilin can mediate 
degradation of LpL may apply to other ligands, e.g, neurotensin 
(17, 33). However sortilin may also exhibit important functions 
in the Golgi compartment in analogy with the established dual 
functions of the IGF-II receptor as an endocjrtic and a sorting 
receptor. Because sortilin is abundantly expressed in cell types 
that secrete LpL, future studies should elucidate whether it is 
involved in sorting of newly synthesized LpL to specialized 
compartments. 

In conclusion, we find that sortilin binds LpL with an affinity 
comparable with that of LRP and that the receptor can mediate 
uptake and degradation of the ligand when expressed on the 
cell surface. 
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way. To confirm PA*s specific involvement in 
the mTOR pathway, we used an S6K I mutant 
(AN23AC,04), the activity of which is resistant 
to rapamycin and sensitive to wortmannin (27). 
When transiently expressed in HEK293 cells, 
the rapamycin-resistant AN23AC,o4 mutant 
S6K1 activity was insensitive to butanol, 
whereas the recombinant wild-type S6K1 activ- 
ity was inhibited by 1 - and 2-butanol (Fig. 4A) 
to a similar extent as was the endogenous ki- 
nase (Fig. 2B). These observations support the 
hypothesis that PA signaling to S6K1 specifi- 
cally goes through mTOR and not through 
P13K . However, the specific PI3K inhibitor 
wortmannin abolished PA-stimuIated S6K1 ac- 
tivation and 4E-BP1 phosphorylation (26), im- 
plying that PI3K is indispensable for the down- 
stream response to PA. Based on the collective 
evidence, we propose a mechanism by which 
amino acid sufficiency sensed by the mTOR 
pathway, mitogenic stimulation of the mTOR 
pathway mediated by PA, and mitogenic stim- 
ulation of the PI3K pathway independent of PA 
are all required for full activation of S6K1 and 
4E-BP1 (Fig. 4B), The observed PA stimulato- 
ry effect on these downstream effectors is likely 
dependent on the basal activity of P13K in the 
absence of serum, which may also explain the 
fact that PA had a less potent stimulatory effect 
than did serum (Fig. I). 

Our findings reveal a mitogenic path- 
way upstream of S6K1 and 4E-BP1, which 
involves PA and probably its direct inter- 
action with mTOR. The data suggest that 
rapamycin's inhibitory effect may derive 
from its competition with PA for binding to 
the FRB domain, preventing mTOR ft'om 
activating downstream effectors but with- 
out inhibiting mTOR's catalytic activity. 
Another PIKK family member, DNA-PK, 
binds to inositol hexakisphosphate (IPg), 
and its function in DNA double-strand 
break repair is regulated by IP^ (28), The 
modulation of mTOR signaling by PA, to- 
gether with DNA-PK stimulation by IP^, 
may reveal a common theme of lipidlike 
molecules participating in regulation of 
PIKK proteins. 
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The neurotrophin family of growth factors, 
including NGF, BDNF, and neurotrophins-3 
and -4 CNT-3, NT-4) regulates neuronal sur- 
vival and synaptic plasticity (/). They are 
synthesized as precursors (proneurotrophins) 
that are proteolytically cleaved to mature, 
biologically active neurotrophins (2). Be- 
cause neurotrophins are normally expressed 
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at low levels, little is known about their pro- 
cessing and secretion by neurons and non- 
neuronal cells in vivo. However, when ex- 
pressed in heterologous cells, proneurotro- 
phins are secreted as well as cleaved intracel- 
lularly by furin or proconvertases at a highly 
conserved dibasic amino acid cleavage site 
for secretion as stable, noncovalent dimers (J, 
4). Mature neurotrophins selectively bind to 
members of the Trk family of receptor ty- 
rosine kinases, but they also interact with low 
affinity to a structurally distinct receptor, 
p'75NTR Although pTS^*^^ can increase the 
affinity and specificity of Trk-neurotrophin 



Regulation of Cell Survival by 
Secreted Proneurotropliins 

Ramee Lee, Pouneh Kermani, Kenneth K. Teng, 
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Neurotrophins are growth factors that promote cell survival, differentiation, 
and cell death. They are synthesized as preforms that can be cleaved intra- 
cellularly to release mature, secreted Itgands. Although proneurotrophins have 
been considered inactive precursors, we show here that the preforms of nerve 
growth factor (NGF) and the proforms of brain derived neurotrophic factor 
(BDNF) are secreted and cleaved extracellularly by the serine protease plasmin 
and by selective matrix metalloproteinases (MMPs). ProNCF is a high-affinity 
ligand for pys*^^** with high affinity and induced pTS'^'^-dependent apoptosis 
in cultured neurons with minimal activation of TrkA-medlated differentiation 
or survival The biological action of neurotrophins is thus regulated by pro- 
teolytic cleavage, with proforms preferentially activating pZS*^^^ to mediate 
apoptosis and mature forms activating Trk receptors to promote survival. 
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interactions, p75'^'^'^ can also induce apopto- 
sis in oligodendrocytes, neurons, and vascu- 
lar smooth muscle cells when Trk activation 
is reduced or absent (5). High doses of neu- 
rotrophin elicit cell death through pTS*^"^^, 
indicating that p75^'"^ signaling is relatively 
limited in comparison to that of other recep- 
tors of the tumor necrosis factor (TNF) re- 
ceptor superfamily (J). 

Defined functions for the neurotrophin 
prodomains have been limited to promoting 
the folding of the mature domain and to 
sorting neurotrophins to either constitutive or 
regulated secretory pathways (9). However, 
sequence comparison of proneurotrophins re- 
vealed regions of the prodomain that are 
highly conserved across species, suggesting 
that they may mediate additional biological 
actions (JO). To assess this possibility, the 
expression of proNGF and proBDNF in adult 
mouse tissues was determined (77). Using 
antibodies specific for the mature domains of 
NGF or BDNF (77), immunoreactive pro- 
teins with molecular masses of 18 to 30 kD 
were detected, in addition to the 13.5-kD 
mature fonms of NGF and BDNF (77, 72). 
This suggested that tissue-specific proteolytic 
processing of proneurotrophins occurs in 
vivo. 

Because proneurotrophins are secreted by 
cells {4, II, 12) and contain consensus sites 
for cleavage by plasmin and by MMP-3 and 
MMP-7 (73), we considered whether secreted 
proneurotrophins could be cleaved extracel- 
lularly by such proteases. Both plasmin and 
MMPs exhibit expression patterns consistent 
with neurotrophin action: at the synapse, 
where mature BDNF can activate presynaptic 
and postsynaptic TrkB receptors (74), and on 
endothelial cell surfaces, where mature 
BDNF promotes TrkB-mediated endothelial 
cell survival (75). 

BDNF was harvested from the media of 
293 or endothelial cells that were infected 
with recombinant adenovirus encoding 
BDNF U6). In addition to 13.5-kD mature 
BDNF, proBDNF forms of molecular mass 
30, 28, and 24 kD, and those of mass 28 kD, 
were detected by a BDNF-specific antibody 
In the media of 293 cells and endothelial 
cells, respectively (Fig. 1, A and B). Addition 
of plasmin, MMP-3. or MMP-7 to the har- 
vested media reduced the amount of the 30- 
kD proBDNF (Fig. lA). The 28-kD 
proBDNF from endothelial cell media was 
also cleaved by plasmin and MMP-7 but not 
MMP-3, possibly reflecting differences in ex- 
pression of tissue inhibitors of metallopro- 
teinases by endothelial and 293 cells (Fig. 
IB). MMP-7 treatment of secreted proBDNF 
from 293 or endothelial cells yielded a 17-kD 
proBDNF form, suggesting that cleavage oc- 
curred approximately 90 amino acids from 
the NHj-terminus (7 7). Incubation of plasmin 
or MMP-7 with specific inhibitors verified 



the specificity of these proteolytic events. 

To confirm the extracellular cleavage 
of proBDNF, endothelial cells expressing 
BDNF were incubated with plasmin before 
media collection (Fig. IC). Inhibition of plas- 
min activity by the cell-impermeable inhibi- 
tor aprotinin reduced cleavage of proBDNF, 
suggesting that these higher molecular weight 
forms are released from cells and then 
cleaved by plasmin at the cell surface. Thus, 
in addition to fiirin, cleavage of proneurotro- 
phins can be regulated selectively by plasmin 
and MMPs. 

To analyze the cleavage of secreted 
proNGF, a point mutation in the dibasic site 
used by furin was generated to impair in- 
tracellular proteolysis (77). Furin-resistant 
proNGF was expressed in 293 cells (Fig. ID), 
and, when secreted, was cleaved by plasmin 
to a 1 3-kD form (Fig. 1 E). In addition, incu- 
bation with MMP-7 but not MMP-2. -3, or -9 
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resulted in cleavage of the 30-kD proNGF to 
the 17-kD form (Fig. IE). 

To evaluate whether proneurotrophins se- 
lectively bind and activate Trk and p75^'^ 
receptors, furin-resistant proNGF and mature 
NGF were purified from the media of trans- 
fected 293 cells (Fig. ID), and their ability to 
bind TrkA or p75^'^ was determined (Fig. 2) 
(7^). Cells, expressing either TrkA or p75^'^'^ 
were treated with radiolabeled mature NGF 
and either unlabeled proNGF or unlabeled 
mature NGF. Unlabeled mature NGF dis- 
placed binding of radiolabeled mature NGF 
from TrkA expressing cells with an IC5Q 
(concentration of inhibitor that reduced bind- 
ing by 50%) of 1.2 nM, in agreement with 
equilibrium binding studies [dissociation 
constant {K^) = 1 nM] (79, 20), However, 
furin-resistant proNGF was ineffective in dis- 
placing mature NGF bound to TrkA, with an 
ICjQ of greater than 5 nM. Mature NGF also 



Fig. 1. Cleavage of secreted 
proBDNF and proNGF by can- 
didate proteinases. Harvested 
media of BDNF-expressing 293 
cells (A), or murine endothelial 
cells (B) was incubated with 
the indicated proteinases, and 
cleavage products were probed 
in Western blot analysis with 
antibody to BDNF (16). To 
confirm enzymatic specificity, 
plasmin was incubated with 
the inhibitor aprotinin or MMPs 
were incubated with a peptide 
Inhibitor. (C) Endothelial cells 
expressing BDNF were incubat- 
of plasmin with or without 



ed for 48 hours in the presence 

(+/-) aprotinin. Media were harvested and analyzed by Western blot. 
(D) Purification of mature NGF (M) and cleavage- resistant proNGF (Pro) 
from media from 293 cells stably expressing native NGF, of a furin-resistant form of NGF with a 
His tag at the COOH-terminus, or of the vector alone (V) with the use of Ni-column chromatog- 
raphy (77). Proteins eluted with Imidazole were analyzed by SDS-polyacrylamlde gel electrophore- 
sis (SDS-PAGE) and silver staining, (E) Purified furin-resistant proNGF was incubated with the 
indicated proteinases with or without {+/-) inhibitors and proteolytic products were detected by 
Western blot analysis with antibody to NGF. The inability of MMP-3 to cleave proNGF, as 
compared to proBDNF, may reflect sequence differences at the putative MMP site. 
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Fig. 2. Binding analysis of mature and cleavage-resistant proNGF to TrkA or [>7S^^ receptors. 
Dilutions of purified furin-resistant proNGF (Fig. ID), or commercial mature NGF were assayed for 
their ability to displace "^l-radiolabeled commercial mature NGF (1 nM) from 293 celts expressing 
TrkA (A) or from A875 cells expressing p/S^^'^ (B) (28). Squares, commercial mature NGF; open 
circles, cleavage resistant proNGF. Competition with purified mature NGF yielded results that were 
comparable to those obtained with commercial NGF (7d). 
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displaced radiolabeled mature NGF bound to 
p75NTR ^j^y, an IC50 of 1.0 nM, consistent 
with equilibrium binding studies (K^ = 1.3 
nM) (19). However, furin-resistant proNGF 
bound to p75^'''^ with five times greater af- 
finity than mature NGF, with an IC^n of 0.2 
nM. These results demonstrate that proNGF 
is the preferred ligand for pTS'^'"^ but not 
TrkA, and they suggest that pTS^^-depen- 
dent cellular processes might be more effi- 
ciently induced by proNGF than by mature 
NGF. 

To determine whether the higher affinity 
binding of proNGF to pYS"^""* resulted in 
enhanced p75^'^^-mediated apoptosis, we 
used a vascular smooth muscle cell line ex- 
pressing pTS^"^^ but not Trk receptors, which 
exhibits dose-dependent apoptosis upon ad- 
dition of NGF (2/). Cells were exposed to 
purified mature NGF or furin-resistant 
proNGF (22). Treatment of cells with mature 
NGF ft*om commercial sources (predomi- 
nantly mature NGF) induced apoptosis in 



B 



Mature NGF 
nM - .04 .2 .4 1 




20% of the cells at 2 nM concentration (-50 
ng/ml) (5, 21) (Fig. 3A). In contrast, treat- 
ment of cells with proNGF was at least 10 
times more potent than mature NGF in induc- 
ing apoptosis in 18% of cells at 0.1 nM. This 
result, together with the binding data (Fig. 
2B), suggests that occupancy of less than 
30% of pTS'^'^^ receptors with furin-resistant 
proNGF can induce apoptosis. j 
To determine the relative activities of ma- 
ture NGF and furin-resistant proNGF in acti- 
vating Trk-mediated cellular responses, we 
assessed TrkA autophosphorylation in dose- 
response studies (22) (Fig. 3B). Mature NGF 
and commercial NGF induced TrkA autophos- 
phorylation at a concentration of 0.2 nM. 
However, furin-resistant proNGF did not in- 
duce TrkA phosphorylation even at concen- 
trations of 1 nM, consistent with the observed 
reduction in TrkA binding (Fig, 2A). To as- 
sess the functional consequences of proNGF- 
TrkA interactions, TrkA-expressing PCI 2 
cells and dissociated superior cervical ganglia 
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Fig. 3. Distinct biological activities are elicited by 
mature and cleavage-resistant proNGF. (A) In- 
duction of apoptosis in p/S'^"'^'*- expressing 
smooth muscle cells (p75Ts-Tag-SMC) (27) by 
mature NGF and furin-resistant proNGF. Cells 
were cultured at SS.S^'C for 96 hours to permit 
differentiation and were then Incubated with the 
Indicated concentration of commercial mature 
NGF (open circles), purified mature NGF (solid 
circles), purified furin-resistant proNGF (solid 
squares), or column eluates from vector trans- 
fected cells (open squares). After 18 hours, cells 
were stained with 4',6'-dlamidino-2-phenylin- 
dole (DAP!) to visualize nuclei, were fixed, and 
were subjected to TUN EL analysis (Roche Mo- 
lecular Biochemicats, Indianapolis, Indiana). At 
least 400 cells per condition were counted, and 
the result is representative of two independent 
experiments with different preparations of 
NGFs. (B) Mature NGF Is more active than proNGF in inducing TrkA phosphorylation. TrkA- 
expressing 293 cells were cultured In reduced serum for 18 hours, followed by either the addition 
of diluent (-) or of mature NGF, proNGF, or commercial NGF (cNGF) at the Indicated concentra- 
tions for 10 min. Immunoprecipitatlons using antibody to Trk were analyzed by Western blot with 
antibody to phosphotyroslne. (C and D) Effects of mature and cleavage resistant proNGF on 
neuritogenesis using PCI 2 cells (C) or SCG neurons (D). Cells were treated with mature NGF (solid 
circles), cleavage-resistant proNGF (solid squares), or commerlcal mature NGF (open circles) at the 
indicated concentration or with the control column eluates from vector-transfeaed cells (open 
squares) for 48 hours In serum-free media, and cells were evaluated for neurite processes greater 
than one cell body in length. SCG neurons were treated with 0.4 nM mature or proNGF for 36 hours 
and were fixed. Trk was detected using rhoda mine-conjugated antibody to Trk, TUNEL analysis 
performed with fluorescein Isothlocyanate-deoxyurldine 5'-trlphosphate (FITC-dUTP). and nuclei 
were deterted by DAPI staining. The percentage of neurlte-expressing cells (white typeface) and 
apoptotic cells (green typeface) is indicated. Cells treated with diluent alone yielded 30 ± 10% 
apoptosis. Scale bar, 30 \im. At least 200 cells per condition were scored, and results are 
representative of three independent experiments using different preparations of NGFs. 



(SCG) neurons were used in neurite out- 
growth assays (Fig. 3, C and D). Treatment of 
PC 1 2 cells with purified mature NGF or com- 
mercial NGF induced neurite elongation at 
0.2 to 0.4 nM concentration. However, re- 
duced neurite outgrowth was observed in 
PC 12 cells or SCG neurons that were treated 
with the furin-resistant proNGF at concentra- 
tions of 0.2 to 0.8 nM, consistent with prior 
reports that proneurotrophins are less active 
than the mature forms in promoting Trk- 
mediated neuronal survival (6) and in acti- 
vating Trk receptors (3). Treatment of SCG 
neurons, which coexpress both pTS'^'"^ and 
TrkA (25), with proNGF resulted in cell 
death (Fig. 3D). Taken together, these results 
suggest that the cleavage-resistant proform of 
NGF is a high-affmity, functional ligand for 
the pro-apoptotic pTS^*^ receptor, whereas 
the proteolytically cleaved mature NGF is the 
preferred ligand for TrkA. 

These studies shed light on the often- 
conflicting roles for pTS'^'^^ in mediating ap- 
optosis (23-25) and in augmenting Trk-in- 
duced survival and differentiation (5). The 
selectivity of proNGF for pTS^""* suggests 
that its local secretion may determine wheth- 
er apoptotic or survival actions predominate. 
Thus, despite widespread pTS*^*"^ expression, 
an evaluation of proneurotrophin expression 
should clarify the spatial and temporal re- 
striction of apoptosis in injured neuronal tis- 
sues (after seizures, inflammation, or degen- 
eration) and in injured blood vessels where 
neurotrophins, pTS^*"^, and Trk receptors are 
coexpressed (7, 26). The regulated activity of 
proteases such as plasmin and selective 
MMPs may further define these proapoptotic 
or prosurvival effects of neurotrophins. Ex- 
amination of potential biological activities for 
the precursor forms of other growth factors, 
such as glial derived neurotrophic factor and 
neuregulins, whose cleaved forms bind to 
multicomponent receptors, may uncover dif- 
ferential activation of individual receptor 
components. 
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Many animals use chemical cues in the water 
or air around them to detect mates, competi- 
tors, food, predators, and suitable habitats 
(/-J). Large-scale turbulent flow in the envi- 
ronment carries odorants from a source to an 
animaPs olfactory organ (such as an antenna 
or nose), while small-scale laminar flow near 
the organ's surface and molecular diffusion 
transport odorants to the receptors (2, 4). 
Turbulent fluid motion on a scale of meters to 
millimeters (5) determines the patchy inter- 
mittent structure of odor plumes in the envi- 
ronment (6); hence, chemical signals moni- 
tored at a point downstream from an odor 
source fluctuate in terrestrial (7, 8) and aquat- 
ic (9, JO) habitats and in laboratory flumes 
(11-12). Recent attention has focused on the 
relation between the neural output of anten- 
nae and of the brain antennal lobe of moths in 
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odor plumes (7i) and on the neural process- 
ing of odorant pulses (14). We used lateral 
antennules of spiny lobsters, Panulirus argus, 
to analyze the critical first step in determining 
the spatial and temporal patterns of odor puls- 
es arriving at receptors: the physical interac- 
tion of the olfactory organ with an odor 
plume. P. argus lateral antennules (Fig. lA) 
bear rows of aesthetascs (hairs containing 
hundreds of chemoreceptor cells) flanked by 
larger guard hairs (75) and thus provide a 
system for investigating the design of hair- 
bearing olfactory antennae (76, 77). 

Fluid flow around a hair in an array de- 
pends on the relative importance of inertial 
and viscous forces, as represented by the 
Reynolds number (Re) (18). Because the flu- 
id in contact with the surface of a moving 
object does not slip relative to the object, a 
velocity gradient develops in the flow around 
the object. The smaller or slower the object 
(that is, the lower its Re), the thicker this 
boundary layer of sheared fluid is relative to 
the size of the object. If the boundary layers 
around the hairs in an array are thick relative 
to the gaps between hairs, then little fluid 
leaks through the array. Hair arrays undergo a 
transition between nonleaky paddlelike be- 
havior and leaky sievelike behavior as Re is 
increased (79-27). Although flow velocity 
has only a small effect on the rate of molecule 



Lobster Sniffing: Antennule 
Design and Hydrodynamic 
Filtering of Information in an 
Odor Plume 
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The first step in processing olfactory information, before neural filtering, is the 
physical capture of odor molecules from the surrounding fluid. Many animals 
capture odors from turbulent water currents or wind using antennae that bear 
chemosensory hairs. We used planar laser-induced fluorescence to reveal how 
lobster olfactory antennules hydrodynamically alter the spatiotemporal pat- 
terns of concentration In turbulent odor plumes. As antennules flick, water 
penetrates their chemosensory hair array during the fast downstroke, carrying 
fine-scale patterns of concentration into the receptor area. This spatial pattern, 
blurred by flow along the antennule during the downstroke, is retained during 
the slower return stroke and is not shed until the next flick. 
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not observed for the mature form, and that proHB-EGF may 
act as a tumor survival factor in hepatoma cells. 

Hepatomas at the earliest stage do not always need rapid 
growth, but it is necessary for escape from various immune 
systems. Resistance against several factors may play a role in 
the early progression of hepatomas. A hepatoma overexposing 
proHB-EGF showed strong resistance to several factors. Al- 
though the mechanism underlying resistance to TGF|3-induced 
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Apoptosis has been implicated as a mechanism of neuronal 
degeneration in many neurodegenerative disorders. We report 
recent progress in apoptosis in Parkinson's disease (PD) and 
other major neurodegenerative disorders. We studied autopsied 
midbrains from 11 patients with Parkinson's disease and 6 
control patients who died from various causes but not from 
neurodegenerative disorders; the details have been reported 
elsewhere (1). Four out of the 11 PD patients were of young 
onset PD (onset before 40 years of the age) and the remaining 
7 were late onset sporadic patients. We used the standard 
TUNEL method to detect apoptosis. None of the control and 
young onset PD patients showed TUNEL positive neurons in 
the substantia nigra. Four of the 7 late onset PD patients had 
TUNEL-positive neurons in the substantia nigra. Counting the 
TUNEL-positive neurons in one of the midbrain sections re- 
vealed that 0.6 to 4.8% (mean 2.1%) of the remaining nigral 
neurons were TUNEL positive in those 4 patients. Although the 
percentages were low, we believe that apoptosis is involved in 
nigral cell death in PD. The low percentage is understandable 
considering that fragmented nuclei are quickly phagocytosed 
by glia cells, and the chance is small that fragmented DNA can 
be picked up by the TUNEL method. TUNEL-positive astrocytic 
and oligodendrocytic nuclei were d\so seen in some patients; 6 
out of 7 late onset PD patients, 2 out of 4 young onset PD 
patients, and 1 out of 6 control patients had TUNEL positive 
glia cells. The reason why glia cells were more TUNEL positive 
may be due to the fact that glia cells have to be removed from 
the tissue when their roles are over. 

According to the literature, Dragunow et al (2) studied 3 



apoptosis remain unknown, the resistance to serum-starved 
treatment is thought to be due to 01 arrest induced by up- 
regulation of p2 L In some cases, cells under G 1 arrest undergo 
apoptosis. However, pHB-AH cells showed slow growth with 
a high percentage of the Gl phase in the cell cycle. Thus, 
proHB-EGF specifically may act as a cell survival factor in liver 
tissues. 



patients with PD, but they could not detect TUNEL-positive 
neurons. Anglade et al (3) studied 3 PD patients, and Tompkins 
and Hill (4) studied 28 patients with Lewy body diseases 
including PD, and both groups found evidence of apoptosis in 
all of the patients studied. It has been claimed that TUNEL does 
not discriminate apoptosis from necrosis (5), but another report 
stated that TUNEL stained more apoptosis than necrosis, al- 
though TUNEL is not 100% specific for apoptosis (6). 

Although histochemical evidence of apoptosis in PD is not 
sufficient, there is biochemical evidence which supports the 
presence of apoptosis in PD. It has been well known that in PD, 
mitochondrial complex I and a-ketoglutarate dehydrogenase 
complex are decreased in the substantia nigra (7-9); therefore, 
mitochondrial respiration is impaired in PD, which causes an 
increase in the formation of oxygen free radical species, be- 
cause of incomplete reduction of oxygen to water. There is 
ample evidence to indicate oxidative stress in PD (10, 11). 

According to the recent progress in the study of the mecha- 
nism of apoptosis, loss of mitochondrial inner membrane po- 
tential (AH'm) has been found to be one of the major triggers of 
apoptosis (12). This membrane potential is achieved by elec- 
tron transport in which protons are expelled from the matrix 
space to the intermembrane space; thus Oie matrix side becomes 
negatively charged. Induction of apoptosis by mitochondrial 
respiratory toxins have been described (13,14). Recently, Susin 
et al ( 1 5) have shown that a 50-kDa protein is released from the 
mitochondrial intermembrane space to cytoplasm, and this 
protein induces nuclear fragmentation and apoptosis when 
applied to the nucleus. Further, opening of permeability transi- 



6. Apoptosis in Neurodegenerative Disorders 

Yoshikuni Mizuno, Hideki Mochizuki, Yukihiro SuorrA and Keigo Goto 

The Department of Neurology, Jimtendo University School of Medicine, Tokyo 



words: Parkinson's disease, neuronal death, apoptosis, Alzheimer's disease, Huntington's 
disease 



Reprint requests should be addressed to Dr. Yoshilcuni Mizuno, the Department of Neurology, Juntendo University School of Medicine, 2-1-1 Hongo, 
Bunkyo-ku, Tokyo 113-8421 



192 



Internal Medicine Vol. 37, No. 2 (February 1998) 



Apoptosis in Neurodegenerative Disorders 



tion pores which are present in the inner membrane of mito- 
chondria has been recently postulated as the initial mediator of 
loss of mitochondrial membrane potential (16, 17) which ulti- 
mately induces apoptosis. Opening of the permeability transi- 
tion pores increases the permeability of the inner mitochondrial 
membrane and thus dissipates the membrane potential. Inter- 
estingly, oxygen free radicals are able to open these permeabil- 
ity transition pores (18). When we review the recent progress 
in the study of the role of mitochondria in the induction of 
apoptosis, early observation of loss of complex I in PD is a very 
important step to elucidate the pathogenesis of PD. We believe 
that there is ample evidence to believe that apoptosis plays a 
very important role in the nigral cell death in PD. 

In Alzheimer's disease, Su et al ( 1 9) and Lassmann et al (20) 
observed many TUNEL-positive cortical neurons. Recently, 
Wolozin et al (21) reported that presenilin 2 has a facilitatory 
action on apoptosis in cultured cells; mutation of presenilin 2- 
gene is responsible for one type of autosomal dominant familial 
Alzheimer's disease. In Huntington's disease, TUNEL-posi- 
tive neurons have been found in the striatum (22). Further, 
abnormally elongated polyglutamine stretch appears to en- 
hance apoptosis (23). 

Thus the accumulating evidence indicates the involvement 
of apoptosis in various neurodegenerative disorders. Under the 
supposition that apoptosis is an important mechanism of neuro- 
nal death, it may become possible to stop or retard the degen- 
erative process by interrupting apoptosis in the future. Further 
studies on apoptosis in neurodegenerative disorders are very 
important from the therapeutic aspect. 
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The role of apoptosis in the pathogenesis and treatment of diseases. E, Solary, L. Dubrez, 
B. Eymin. ©ERS Journals Ltd 1996. 

ABSTRACT: In adult muUicelluiar organisms, homeostasis is determined in each 
cell lineage by a balance between cell death and cell growth. Dysregulation of cell 
death mechanisms is involved in the pathogenesis of an increasing number of dis- 
eases. Defective apoptosis can participate in malignant transformation, viral laten- 
cy and autoimmune diseases. Excessive apoptotic cell death is involved in CD4+ T-cell 
depletion observed in acquired immune deficiency syndrome, in fulminant hepati- 
tis associated with infection by hepatitis B and C viruses, in some neurodegenera- 
tive disorders and haematological diseases, in polycystic kidney disease and ischaemia. 

Three steps can be distinguished in the pathway that leads to cell death. The first 
step involves interactions between the extracellular and intracellular signals that 
decide whether a cell should live or die. When death is chosen, a common pathway 
that involves at least the BcU2- family of proteins and the interleukin-ip (IL-ip)- 
converting enzyme-related cysteine proteases confirms whether or not the cell should 
die. Finally, if death is allowed to occur, the apoptotic process itself is character- 
ized by deoxyribonucleic acid (DNA) fragmentation, proteolysis and morphological 
changes that precede the engulfment of apoptotic cells by neighbouring cells and 
phagocytes. 

Several inducers and inhibitors of apoptosis acting on one or several of these 
three steps that characterize the apoptotic process have been identified in vitro. 
Their potential usefulness in improving the current therapeutic strategies and design- 
ing new strategies in several different diseases is discussed. 
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In a famous French play by Moliere, the prominent 
character. Monsieur Jourdain, realizes that he has been 
speaking in prose for a long time without even knowing 
it. Similarly, the recent interest in cell death mechanisms 
has revealed that we have been using induction or inhibi- 
tion of apoptosis for a long time for the treatment of some 
diseases without knowing it. For instance, chemothera- 
peutic drugs and radiations induce apoptosis of tumour 
cells [1] and haematopoietic growth factors act by pre- 
venting apoptosis of haematopoietic progenitors [2]. A 
better understanding of the mechanisms that regulate cell 
death pathways might make it possible to improve the 
current therapeutic strategies and to define new strate- 
gies in several different diseases. 

To live or to die? 

In adult multicellular organisms, different cell types 
vary widely in the mechanisms by which they maintain 
themselves throughout life. Red blood cells undergo con- 
stant renewal from haematopoietic progenitor cells, where- 
as neural cells have no or limited capacity for self-renewal. 
Between these extremes, lymphocytes and cells from repro- 
ductive organs undergo cyclical expansions and contrac- 
tions as they participate in host defence and reproduction, 
respectively. Within all of these cell lineages, the control 



of cell number is determined by a balance between cell 
proliferation and cell death. Recent studies suggest that 
the mechanisms that control cell proliferation and cell 
death could share several factors. Growth factors can 
either stimulate cell growth or prevent cell death [2-4]. 
Antigenic stimulation of the T-cell receptor first triggers 
the proliferation of mature peripheral T-cells, which are 
later eliminated by Fas-mediated apoptosis [5]. Proto- 
oncogenes associated with cell proliferation, such as c- 
rfiyc; are capable of inducing apoptosis when they are 
aberrantly expressed [6]. Tumour suppressor genes, such 
as p5i, are involved into checkpoints that decide whether 
a cell progresses in cell cycle or dies by apoptosis in 
response to deoxyribonucleic acid (DNA) damage [7]. 
Therefore, a given signal will induce a cell either to live 
or to die, depending on the cell type and its level of dif- 
ferentiation [8]. Cell survival could depend upon the con- 
stant supply of survival factors provided by neighbouring 
cells and extracellular matrix [9-11]. 

To die or not to die? 

Beyond different signalling pathways that ultimately 
converge to activate a cell death signal, apoptosis appears 
to involve a common final pathway that has been, at least 
partially, conserved throughout animal evolution (fig. 1). 
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Fig. 1. - The three steps of the apoptotic process. During ihe first 
step, intracellular and extracellular signals activate speci^c pathways 
that will determine whether a cell should live or die. The tumour sup- 
pressor gene p53 is involved in a checkpoint that decides whether a 
cell progresses in the cell cycle or dies by apoptosis in response to 
deoxyribonucleic acid (DNA) damage. Interaction of Fas ligand or 
tumour necrosis factor (TNF) with their membrane receptor increases 
intracellular ceramide level. Growth factors or interactions with extra- 
cellular matrix increase intracellular calcium and activate the protein 
kinase C (PKC). The second step involves two checkpoints that could 
regulate the final cell death pathway. One checkpoint is controlled by 
proteins from the Bcl-2 family. Bcl-2 expression can be increased by 
interaction with viral proteins (BHRF-1 from Epstein-Barr virus, LMW5- 
HL from the swine fever virus, and ElB from adenovirus) or mimic- 
ked by LMP-1 from Epstein-Barr virus. The other checkpoint could 
be determined by the cysteine proteases related to interleukin-lp (IL- 
IP) converting enzyme (ICE) that is inhibited by the CrmA protein 
from cowpox virus. The cell death pathway then reaches a point of 
no return, and apoptosis is associated with intemucieosomal DNA frag- 
mentation, proteolysis of several nuclear and cytosolic proteins, and 
characteristic morphological changes. 



Much of our knowledge about the specific steps that regu- 
late this cell death pathway has l^een derived from genetic 
studies of the nematode Caenorhabditis elegans [12]. 
Among the 14 genes whose mutation affects the various 
steps of programmed cell death in this nematode, three 
genes affect the death process itself, namely ced-3 and 
ced-4, that are required for cells that must die to under- 
go programmed cell death, and ced-9 that is required to 
protect cells that should live from undergoing apoptosis. 
The ced'3 gene encodes a protein that is similar to the 
family of cysteine proteases, which includes interleukin- 
Ip-converting enzyme GCE), Nedd2/Ich-1, CPP32A'ama, 
Tx/Ich-2 and Mch2 (for review see [13]). These pro- 
teases share a pentameric peptide, QACRG, surrounding 
a putative activated site Cys. Accordingly, overexpres- 
sion of these proteases in mammalian cells causes apop- 
tosis, and the cowpox virus crmA gene product, that 
inhibits some ICE-like proteases, can protect mammalian 



cells against apoptosis induced by growth factor with- 
drawal [14]. By contrast, the protein encoded by the ced- 
4 gene has no similarity with other known proteins. The 
protein encoded by ced'9 is homologous to the Bcl-2 
family of cell death regulators identified in mammalian 
cells, and the expression of the human Bcl-2 in nema- 
todes partially substitutes for the loss of ced-9 function 
[15]. Studies performed on the role of cysteine proteases 
and Bcl-2-related proteins suggest that these two compo- 
nents define two checkpoints in the final common path- 
way that decides whether or not a cell should die. 



To die! 

When the final common pathway has allowed the exe- 
cution of the cell suicide programme, characteristic mor- 
phological changes of the dying cell [16] precede the 
production of apoptotic bodies, membrane-enclosed par- 
ticles containing intracellular material (fig. 1). These par- 
ticles are rapidly engulfed and digested by neighbouring 
cells and phagocytes to prevent any release of intracel- 
lular material that would otherwise trigger an inflam- 
matory response, as observed during necrosis. Apoptosis 
is usually associated with the activation of one or sev- 
eral nucleases that degrade nuclear DNA fu-st into large 
and subsequently into very small fragments [17, 18]. One 
of the consequences of DNA fragmentation is the irre- 
versible degradation of viral or mutated cellular DNA. 
Proteolytic cleavage of several nuclear proteins by an act- 
ivity similar to but distinct from ICE is another bioche- 
mical marker of apoptotic cell death [19-21]. 



Apoptosis and the pathogenesis of disease 



Diseases due to defective cell death 

The failure of cells to undergo apoptosis might be 
involved in the pathogenesis of several human prolifer- 
ative disorders characterized by the accumulation of cells, 
including cancer, autoimmune diseases and certain viral 
infections (fig. 2). 

Apoptosis and cancer. Cancer is usually envisaged as a 
disease of excessive cellular proliferation. Recently, gene- 
tic alterations that dysregulate the physiological cell death 
process appeared to contribute to the clonal expansion 
of malignant cells. Accordingly, a number of oncogenes 
and anti-oncogenes have been found to regulate apop- 
totic cell death. Oncogenes that promote cell prolifera- 
tion and those that inhibit cell death could co-operate to 
induce a neoplastic lesion. Genetic alterations that induce 
cell proliferation, such as dysregulation of either myc or 
ras proto-oncogenes, would lead to the induction of apop- 
tosis [6, 22], unless simultaneous expression of an onco- 
gene, such as hcl-2, that inhibits this apoptotic response 
allows the cell transfonnation to occur [23]. The best 
example of these oncogenes is hcl-2, identified at the site 
of a chromosomal translocation between chromosomes 
14 and 18, present in most human follicular lymphomas, 
(for review, see [24]). Upregulation of bcl-2 oncogene 
expression specifically inhibits apoptosis induced by a 
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Fig. 2. - a) The level of cell death and cell growth varies widely from one cell lineage to another, b) Excessive; or c) deficient apoptosis are 
suspected to be involved in the pathogenesis of various diseases. AIDS: acquired immune deficiency syndrome. 



wide range of insults and stimuli such as growth factor 
deprivation, loss of contact with extracellular matrix, cy- 
totoxic T-cells, cytotoxic lymphokines, chemotherapeu- 
tic drugs and radiations [24-27]. As indicated previously, 
human bcl-Z can promote cell survival in lower organ- 
isms, such as nematodes, and substitute for the loss of 
function of ced-9 [15]. An elevated level and aberrant 
pattern of Bcl-2 protein expression have been found in 
a wide variety of human cancers, including lymphomas, 
leukaemias, adenocarcinomas, neuroblastomas, renal and 
lung cancers and melanomas [24]. In most of these 
tumours, dysregulation of bcl-2 gene expression is not 
the consequence of the t(14;18) chromosomal transloca- 
tion. Structural alterations of the hcl-2 gene are not de- 
tected in most leukaemias and solid tumours, suggesting 
that transregulatory rather than cis-regulatory mechanisms 
account for overexpression of BcU2. This overexpres- 
sion can represent either an early or a late event in the 
tumour progression. For example, disturbances in the pat- 
tern of hcl-2 expression represent an early event in colo- 
rectal cancers, whereas it occurs later in prostate cancer, 
in which elevation of Bcl-2 protein level is associated 
with acquisition of a metastatic and androgen-indepen- 
dent phenotype [24]. 

One of the potential transregulators of he 1-2 that can 
become altered in cancer is the tumour suppressor p53, 
which represses bci'2 gene expression [28]. Germ-line 
p53 mutations predispose individuals with Li-Fraumeni 
cancer syndrome to the development of tumours, and the 
p53 gene becomes inactivated in over half of all human 
tumours [29]. The wild-type p53 protein binds DNA and 
functions, at least in part, as a transcriptional regulator, 
activating or repressing the expression of various target 
genes involved in DNA replication and repair. Wild-type 
p53 functions primarily to suppress neoplastic growth by 
inducing apoptosis [30], and contributes to tumour sup- 
pression by inducing cell cycle arrest at the Gl/S check- 
point in response to DNA damage, in order to facilitate 
DNA repair [31]. The p53 is also an inducer of apopto- 
sis in certain normal tissues, such as myeloid progeni- 
tors and epithelial stem cells [32]. Its presence or absence 



is an important determinant of the relative sensitivity of 
normal and tumour cells to apoptosis induced by DNA 
damaging therapeutic agents [7, 30]. 

In addition to repressing bcl-2 gene expression, p53 
transactivates the expression of a homologue of ibc/-2 
termed bax [28, 33]. In contrast to Bcl-2, the protein en- 
coded by bax functions as a promoter of cell death. Bax 
and Bcl-2 are members of a larger family of proteins 
that can either promote or repress apoptosis [34], inclu- 
ding Bcl-x, mcl-1, Al, BAK, Bad, and BAG-1 [35^0]. 
These proteins can interact through heterodimerization 
[41]. The functional significance of these interactions re- 
mains unknown. Bcl-x can be expressed under two dif- 
ferent isoforms, resulting from alternative splicing of 
bcl-x messenger ribonucleic acid (mRNA) [35]. Bcl-xl, 
that functions as a death inhibitor, is markedly elevated 
in several tumours, whereas Bcl-xs could promote cell 
death by sequestering Bcl-2 so that it cannot interact with 
Bax and other proteins. Other oncogenes, such as c-abl, 
are potent inhibitors of apoptosis by a mechanism that 
seems to be independent of Bcl-2 and Bcl-2-related pro- 
teins but remains unexplained [42, 43]. Interestingly, nei- 
ther mutations of ICE and ICE-related proteases nor their 
inhibition by viral products, such as CrmA, have so far 
been implicated in oncogenesis. 

Apoptosis and viral latency. Cells infected with a virus 
can undergo apoptosis as a defence mechanism to pre- 
vent viral infection. Infected cells can also express viral 
peptides in association with ceil surface major histo- 
compatibility class I molecules, in order to be recognized 
and killed by cytotoxic T-cells. T-cells will induce apop- 
tosis, either by using perforin to introduce proteases into 
the target cell [44], or by activation of the Fas receptor 
on its surface (see below). A number of viruses disrupt 
the normal regulation of apoptosis within infected cells 
to circumvent the host defences. To reach this goal, viral 
genes encode inhibitory proteins, most of which target 
one of the two main checkpoints of the final common 
pathway that leads to apoptosis. The cowpox virus gene, 
crniA [14, 45], encodes a protease inhibitor that prevents 
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apoptotic cell death by specifically inhibiting ICE, a key 
protease in the final pathway of Fas- and tumour necro- 
sis factor-a- mediated cell death [46, 47]. Other viral 
genes encode a protein with structural and functional 
similarities with Bcl-2: they include the BHRF-1 gene 
of Epstein-Barr virus, the LMW5-HL gene of African 
swine fever virus, and the ElB gene of adenovirus [24, 
48, 49]. The product of some viral genes, such as LMP- 
1 from Epstein-Barr virus, can upregulate Bcl-2 to allow 
the establishment of viral latency [50]. The mechanism 
by which the p35 gene, identified in baculovirus as a po- 
tent inhibitor of apoptosis, inhibits cell death in infected 
cells is still not understood. Interestingly, another bacu- 
lovirus gene that inhibits apoptosis, namely inhibitor of 
apoptosis protein (MP), is analogous to a gene recently 
involved in the pathogenesis of a recessive neurodege- 
nerative disorder observed in children [51], Although bio- 
chemical mechanisms by which viral proteins inhibit cell 
death remain poorly explained, nitric oxide produced by 
human B-lymphocytes was recently reported to contribute 
to the maintenance of viral latency in downregulating the 
expression of an Epstein Ban* virus early antigen [52], 

Apoptosis and autoimmune diseases. Several recent stud- 
ies have implicated apoptosis in the pathogenesis of 
autoimmune diseases. The human organism protects itself 
from autoimmune reactions by clonal deletion of auto- 
reactive T-cells, a process called negative selection. One 
mechanism by which negative selection takes place is 
apoptosis. Alterations in the susceptibility of lympho- 
cytes to die by apoptosis in vitro have been reported in 
several autoimmune diseases, such as systemic lupus ery- 
thematosus, rheumatoid arthritis, autoimmune diabetes 
mellitus or inflammatory bowel disease [53]. Serum pro- 
teins could also be involved: serum from patients with 
type 1 diabetes mellitus, an autoimmune disease asso- 
ciated with the destruction of pancreatic beta cells, was 
shown to contain a factor that promotes Ca^^-mediated 
apoptosis in beta cells [54]. 

Animal model systems have provided new informa- 
tion about the potential role of dysregulated apoptosis in 
autoimmune diseases. Linkage analysis has established 
an association between the bcl-l locus and autoimmune 
diabetes in nonobese diabetic mice [55]. A lupus-like 
autoimmune disease has been reported in transgenic mice 
constitutively expressing Bcl-2 in their B-lymphocytes 
[56]. The most informative observations to date were 
performed in the MRL mouse strain. Spontaneous auto- 
somal recessive mutation on either chromosome 19 (locus 
Ipr for lymphoproliferative disease) or chromosome I 
(locus gld for generalized lymphoproliferative disease) 
were observed to accelerate the occurrence of a sponta- 
neous autoimmune disease observed in these mice [57, 
58]. Both MRL Ipr/lpr and MRL gldlgld mouse strains 
show a similar phenotype. Mice develop lymphadenopathy 
and splenomegaly, produce large amounts of anti-DNA 
and rheumatoid factor autoantibodies, and die of nephri- 
tis or arthritis at approximately 5 months of age. Both 
Ipr and gld were shown to be loss-of-funclion mutations 
that affect genes encoding a pair of interacting proteins: 
Ipr mutation affects a cell surface protein named Fas (or 
APO-1 or CD95); whereas, gld affects a soluble or mem- 
brane-bound cytokine, which is called Fas ligand (for 
review see [59]). Molecular and cellular characterization 



of Fas and Fas ligand in animals and humans revealed 
their homology with members of the tumour necrosis fac- 
tor (TNF) receptor family and TNF family, respectively [60, 
61]. Fas ligand binds to its receptor Fas, thus inducing 
apoptosis of the Fas-bearing target cell. Triggering of this 
apoptotic pathway requires the cross-linking of Fas with 
either purified Fas ligand, or cells expressing Fas ligand 
or antibodies to Fas [59]. It has recently been demonstra- 
ted that activated Fas interacts with several cellular pro- 
teins [62-65], and activates a sphingomyelinase-dependent 
pathway [66]. Fas-mediated apoptosis is triggered by ICE 
or ICE-like proteases [46, 47]. 

Fas is abundantly expressed in activated lymphocytes 
and in the primary cells from various other tissues, such 
as liver, heart, lung and ovary. Fas ligand is expressed 
predominantly in activated CD4-I- and CD8+ T-cells and 
natural killer (NK) cells. The Fas/Fas ligand system is 
involved in the clonal deletion of autoreactive T-cells in 
the periphery, not in the thymus. The system is also in- 
volved in the deletion of T-cell receptor (TCR)-activat- 
ed mature T-ceils that is necessary to limit every immune 
response [67, 68], and in the mechanisms that cytotoxic 
T-cells use to kill infected target ceils, a pathway distinct 
from the perforin-mediated pathway (for review see [69]). 
Genes other than Fas or Fas ligand are probably involved 
in Fas-related pathology, because Ipr mutations induce 
nephritis or arthritis in MRL mice but not in C3H mice 
[70]. 

In humans, two recent studies identified Fas gene mu- 
tations in children who developed a rare autoimmune 
lymphoproliferative disorder, characterized by massive non- 
malignant lymphadenopathy, autoimmune phenomena 
and expanded populations of immature lymphocytes [71- 
73]. An elevated level of the soluble form of Fas was 
detected in the serum of some patients with systemic 
lupus erythematosus. It was suggested that the soluble 
form of Fas could inhibit Fas-mediated elimination of 
autoreactive lymphocytes [74], A soluble form of Fas 
ligand was also identified as an homotrimer in the cul- 
ture medium of activated human T lymphocytes. If such 
a molecule is produced in vivo, it may work as an agent 
that causes systemic tissue damage [75]. The primary 
cells from several tissues are sensitive to Fas-mediated 
apoptosis, suggesting that the Fas system may be involved 
in cytotoxic T-lymphocyte (CTL)-mediated diseases in 
these tissues [59]. Bone marrow transplantation perform- 
ed between Ipr mutant and wild-type MRL mice have 
suggested that Fas system may be involved in the graft- 
versus-\io^X disease induced by allogenic bone marrow 
transplantation in humans [59]. 



Diseases related to excessive cell death 

Fas-mediated diseases, A variety of diseases characteri- 
zed by excessive cell loss may result from accelerated rates 
of cell death. Besides defective Fas-signalling involved 
in lymphoproliferative disorders, Fas-related diseases may 
be caused by excessive activity of the Fas system. Abnor- 
mal activation of Fas ligand expressed on cytotoxic T-cells 
could be involved in human fulminant hepatitis. Intraperi- 
toneal injection of a cytotoxic monoclonal antibody gen- 
erated against mouse Fas has been shown to kill wild-type 
mice by inducing fulminant hepatitis. Two hours after 
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injection, the serum level of glutamate oxaloacetate transa- 
minase (GOT) and glutamate pyruvate transaminase (GPT) 
increased rapidly and reached about 200 and 1,000 fold 
above basal level, respectively. Histochemical analysis 
showed massive haemorrhagic necrosis in the entire liver, 
and electron microscopy of the affected hepatocytes re- 
vealed condensed and fragmented nuclei, an aspect char- 
acteristic of apoptosis. It was concluded that the anti-Fas 
antibody had caused the hepatocytes to die. It was sug- 
gested that rapid and widespread cell death had not 
allowed the macrophages to remove the apoptotic cells, 
resulting in secondary necrosis and release of lethal toxic 
components. Anti-Fas antibody injection did not kill MRL 
Iprllpr mice [76]. Primary hepatocytes are sensitive to 
Fas-mediated apoptosis in vitro. Fas is overexpressed in 
hepatocytes transformed by human hepatitis C virus. 
Injection of CTLs specific for the human hepatitis B virus 
in transgenic mice carrying the virus induced fulminant 
hepatitis [77-79]. These observations are consistent with 
the hypothesis of involvement of Fas system in the occur- 
rence of fulminant hepatitis when hepatocytes are infected 
with hepatitis B or C viruses. The process may normally 
occur to remove virus-infected cells but, when exaggera- 
ted, could lead to fulminant hepatitis. Similarly, Fas sys- 
tem may be involved in other CTL-mediated autoimmune 
diseases, such as chronic thyroiditis [6, 59]. 




Fig. 3. - Factors of the CD4+ T-cell depletion in acquired immune 
deficiency syndrome. The current hypothesis is that two viral proteins 
produced by human immune deficiency virus- 1 (HlV-l)-infected cells, 
namely Tat and gpl20, prime activated CD4+ T-cells for apoptosis 
mediated by the Fas system (interaction of a soluble ligand and a mem- 
brane receptor). T-cell activation is triggered by an interaction between 
an antigen and the T-cell receptor (TCR). The soluble viral product, 
gp!20, binds to CD4 receptor. The viral protein tat induces a prema- 
ture activation of cyclin-dependent kinases (Cdks), an event that has 
been associated with induction of apoptosis in several other cell sys- 
tems. The membrane receptor Fas is highly expressed on retrovirally- 
infected T-cells. 



Acquired immune deficiency syndrome. AIDS is char- 
acterized by a progressive and selective depletion of the 
CD4+ population of T-lymphocytes. The exact mecha- 
nisms by which the human immunodeficiency virus- 1 
(HIV-1) kills immune cells is not understood. Most T- 
cells that die during HIV infection do not appear to be 
infected with the virus, and the number of apoptotic T- 
cells does not correlate with progression of disease [80]. 
Nevertheless, a growing body of experimental evidence 
suggests a role for apoptosis in CD4+ T-cell depletion. 
Enhanced apoptosis has been observed in primate mod- 
els of lentiviral infections, as well as in lymphocytes and 
lymph nodes from AIDS patients. Picomolar concentra- 
tions of the soluble viral product, gpl20, were reported 
to prime human CD4-f T-cells for activation-induced cell 
death [81]. More recently, HIV-1 Tat protein was shown 
to induce cell death by apoptosis in a T-cell line and in 
mononuclear peripheral blood cells from uninfected 
donors [82]. Tat protein was shown to induce in T-cells a 
premature activation of cyclin-dependent kinases, an event 
that has been associated with apoptosis induction in sev- 
eral other cell systems. Tat-activated T-cells would then 
be depleted when either the T-cell receptor is activated 
by an antigen or when gpl20 binds to CD4 receptor. 
Fas could be involved in the death of CD4+ T-cells dur- 
ing the course of an HIV infection [83]. Human T-cell 
lines, transformed with HIV, are more sensitive to Fas- 
mediated apoptosis than the parental cells. Fas is high- 
ly expressed on T-cells of mice with retrovirus-induced 
immunodeficiency syndrome and on T-lymphocytes of 
HIV-infected children. The current hypothesis is that 
HIV- 1 Tat and gpl20 accelerate Fas-mediated, activa- 
tion-induced T-cell apoptosis, therefore contributing to 
CD4-f T-cell depletion during the course of AIDS [82] 
(fig. 3). Viral replication itself may not be limited by 
CD4+ T-cells death because CD4 receptor is downreg- 
ulated on infected cells, which could prevent both viral 



reinfection and CD4-mediated apoptosis. Lymphocyte 
apoptosis has also recently been involved in the pathoge- 
nesis of the leukaemia-like disease induced by the human 
T-lymphocyte virus- 1 (HTLV-l) infected T-cells [84], 
and virally-induced abortive activation of T-cells may be 
a response to several other viral infections in mammals 
[85]. 

Haematological diseases. Haematopoietic growth factors, 
including stem cell factor, colony-stimulating factors, 
erythropoietin and thrombopoietin, play a key role in the 
regulation of haematopoiesis. These factors were de- 
monstrated to act, in part, by promoting the survival of 
progenitor cells, by suppressing apoptosis during the dif- 
ferentiation of intrinsically committed progenitors [2, 4]. 
Overexpression of Bcl-2 prevents apoptosis of haema- 
topoietic cells induced by growth factor withdrawal [86]. 
Bone marrow-derived stromal cells also prevent apop- 
totic death of normal and malignant haematopoietic cells 
[11]. Haematological diseases, such as myelodysplastic 
syndromes, aplastic anaemia, chronic neutropenia or sev- 
ere p-thalassaemia are associated with increased apop- 
totic cell death within the bone marrow [87-89]. The 
mechanisms by which increased apoptotic cell death is 
involved in the aetiology of these diseases remains unex- 
plained and could involve stroma cell deficiencies, gene 
deregulation and direct effects of toxins or mediators of 
the immune response. 

Neurodegenerative disorders. The same mechanisms could 
apply for the increased apoptosis of specific sets of neur- 
al cells described in several neurological diseases such 
as Alzheimer's and Parkinson's diseases, or cerebellar de- 
generation [90-91]. Like haematopoietic growth factors 
and bone marrow stromal cells, several specific and less 
specific growth factors and extracellular matrix prevent 
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neural cell apoptosis, an effect that can be mimicked by 
overexpressing Bcl-2 in the neural cells [92-94]. Several 
gene mutations that lead to increased apoptotic cell death 
were identified in neurodegenerative disorders. Mutations 
in a superoxide dismutase gene were identified in patients 
with autosomal dominant amyotrophic lateral sclerosis 
[95]. These mutations decrease the ability of motor neu- 
rons to detoxify oxygen-free radicals. Mutations in any 
of the three photoreceptor-specific genes lead to photo- 
receptor apoptosis and retinal degeneration observed in 
patients with retinal pigmentosa [96]. Either dysfunction 
of the mutated protein or its accumulation could be res- 
ponsible for increased apoptosis. Mutations in the neu- 
ronal apoptosis inhibitory protein (NAIP) gene, a gene 
homologous to lAP from baculovirus, have been identi- 
fied in spinal muscular atrophy and may decrease the 
apoptotic threshold of spinal cord neurons [51]. 

Other diseases. Although apoptotic cells are phagocytosed 
within a few hours by neighbouring cells, apoptosis has 
been demonstrated histologically and histochemically to 
occur in several disease. Apoptosis is a pathological fea- 
ture of polycystic kidney disease [97], and toxic-induced 
liver diseases [98], and may be central to the pathogen- 
esis of these diseases. Ischaemic injury, such as myocar- 
dial infarction or stroke, induces the rapid death of cells 
within the central area of ischaemia by necrosis. Outside 
the central ischaemic zone, cells die over a more pro- 
tracted time period by apoptosis. Rapid reperfusion of 
acutely occluded blood vessels induces an increase in 
free radical production and in intracellular calcium level, 
which both trigger apoptosis of cardiac myocytes [99]. 
Apoptosis has recently been described in atheroma, in 
which its pathogenic role remains to be explained [100, 
101]. Degenerative disorders of the musculoskeletal sys- 
tem, including arthritis and osteoporosis, could also be 
the consequence of increased apoptosis of chondrocytes 
and osteocytes, respectively. Lastly, tissue homeostatic 
control is altered during the course of ageing, and the 
equilibrium is shifted toward cell death. The true nature 
of this age-related cell deletion phenomenon could be 
apoptosis [102], as a consequence of diminished synthe- 
sis of various growth factors, transmembrane signalling 
defects, inability to cope with oxidative stress, or abnor- 
mal cell cycle regulation [103]. Conversely, senescence 
can be associated with defective apoptosis: Fas expres- 
sion and Fas ligand-induced apoptosis are decreased in 
T-cells from old mice compared to young mice [104]. T- 
cells from old mice also demonstrate a markedly decreas- 
ed response to anti-CD3 stimulation [104, 105]. 



Other relationships between apoptosis and diseases 

Another relationship between autoimmune diseases and 
apoptosis was suggested by the recent observation of 
ultra violet (UV)-irradiated cultured human keratinocytes. 
Systemic lupus erythematosus (SLE) is often regarded 
as the prototypic systemic autoimmune disease. This dis- 
ease is characterized by an autoantibody response direc- 
ted against selected intracellular antigens. The skin plays 
an important role in the disease, that can appear after 
extended exposure to sunlight. UV-induced apoptosis of 
the keratinocytes is associated with the clustering of 



potentially immunogenic cellular components in apop- 
totic blebs, a process that might participate to the induc- 
tion of autoantibodies directed at multiple antigens [106]. 
A similar phenomenon could be involved in the devel- 
opment of an immune response to cancer cells, as sug- 
gested by recent observations in a regressive/progressive 
model of rat colon carcinoma cells (F. Martin, personal 
communication). 

Identification of apoptosis is suggested to be a useful 
criterion in the assessment of response to various treat- 
ments, such as hormonal treatment of prostate cancer 
[107], and radiotherapy of cervical carcinoma [108]. Ex- 
cessive toxicity of some treatments could also involve 
induction of apoptosis; toxicity of l-DOPA for the treat- 
ment of Parkinson's disease was recently related to the 
induction of apoptosis in target cells, suggesting that 
modulation of this phenomenon could prevent the acce- 
leration of neuronal damage in this disease [109]. 



Apoptosis and the treatment of diseases 

Based on the observation of the role of deficient or 
excessive cell death in the pathogenesis of several dis- 
eases, new therapeutic strategies could be designed to en- 
hance or decrease the susceptibility of individual cell types 
to undergo apoptosis. Treatments that restore the ability 
of target cells to properly undergo apoptosis in response 
to a given signal could be of benefit in diseases with 
deficient cell death, such as malignancies. Conversely, 
treatments that increase the apoptotic threshold may be 
of benefit in disorders associated with cell loss, such as 
degenerative disorders. During the past 5 yrs, studies per- 
formed in vitro and sometimes in vivo have identified a 
large number of agents that either inhibit or induce apop- 
tosis. 



Therapeutic strategies targeting the nucleus 

Nuclear changes and intemucleolytic cleavage of nuclear 
DNA are observed at an early stage of apoptosis in many 
cell systems [18]. Therefore, endogenous activation of 
an endonuclease activity was suspected to be an essen- 
tial step in the apoptotic process. Chromatin structure 
plays a determinant role in DNA fragmentation, that will 
take place only when linker regions separating nucleo- 
somes are made accessible by a decondensation or local 
reduction in histone-DNA interaction. Spermine, a polya- 
mine that modifies the degree of chromatin accessibility, 
can prevent DNA fragmentation in several cell systems 
[1 10]. Zinc and aurintricarboxylic acid inhibit oligonucleo- 
somal DNA fragmentation associated with apoptosis in 
several cell systems [110]. Accordingly, zinc depletion 
can induce cell death by itself. The effect of zinc has 
been attributed to a direct inhibition of the putative 
endonuclease [1 8]. Zinc could have other cellular effects, 
since it is a cofactor of several enzymes, such as poly- 
(ADP)polymerase or the nuclear DNA topoisomerase I 
that could be involved in apoptosis. Zinc may also stabi- 
lize the association of protein-DNA complexes, which in 
turn may act on chromatin structure. However, both pur- 
pose and mechanisms of DNA fragmentation in apopto- 
tic cells remain unclear. Recent studies have demonstrated 
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that intemucleosomal DNA fragmentation is preceded 
by, and sometimes limited to, the formation of high mole- 
cular weight DNA fragments, referred to as "domain" 
cleavages [1 1 1]. This fragmentation is not inhibited by 
zinc, and may be due to topoisomerase IL Whether 
inhibitors of topoisomerase D that do not stabilize cleav- 
able complexes could be good therapeutic tools to pre- 
vent this fragmentation remains to be determined. Cells 
without a nucleus can be induced to undergo the charac- 
teristic cytoplasmic changes of apoptosis [112, 113] while 
oligonucleosomal DNA fragmentation can be induced in 
isolated nuclei [8, 18, 19, 1 14], suggesting that structural 
and biochemical changes of each cellular compartment 
occur independently. For all these reasons, therapeutic 
strategies designed to prevent nuclear changes will not 
inhibit the whole process [115], and intemucleosomal 
DNA fragmentation is an event that probably occurs too 
late to be a good therapeutic target. 



Therapeutic strategies targeting the final common path- 
way 

A more convincing target for the treatment of diseases 
is the final common pathway that involves the products 
of the Bcl-2 family and ICE-related cysteine proteases. 
Several lines of evidence indicate that these central com- 
ponents of the cell death machinery are most likely to 
be localized to the cytosol. This pathway is regulated by 
a balance between the opposing activities of proteins that 
promote and those that inhibit cell death. Several pairs 
of inducers and repressors such as Bcl-xl/Bcl-xs [35] and 
Ichll/Ichls [1 16], are issued from the same gene by alter- 
native splicing. At least five isoforms of ICE have recent- 
ly been identified as resulting from alternative splicing, 
some inducing and others repressing cell death [117]. 
The functional role of these numerous members of Bcl- 
2 and ICE family remains unknown at present. How 
could the recent and still incomplete knowledge of the 
checkpoints that regulate the final common pathway of 
apoptosis be used to improve the treatment of diseases? 

The involvement of Bcl-2 overexpression in the resis- 
tance to essentially all cytotoxic anticancer drugs sug- 
gests that inhibition of the protein expression or activity 
could make it possible to increase the sensitivity of tumour 
cells to chemotherapeutic agents. Schematically, three 
main levels of cellular resistance to cytotoxic drugs have 
been identified: the first level includes the mechanisms 
that prevent the drug from reaching its target, most often 
localized in the nucleus. The most studied of these mech- 
anisms is P-glycoprotein mediated drug efflux. The sec- 
ond level concerns the interactions between the drug and 
its intracellular target, whose quantitative or qualitative 
changes can prevent the drug from inducing specific dam- 
age. More recently, a third level was identified that is 
independent of the drug and concerns the ability of the 
ceil to trigger its apoptotic machinery in response to spe- 
cific damage induced by the drug [1 18-120]. Therefore, 
the intrinsic killing power of a drug could be less impor- 
tant than the ability to induce the tumour cells into killing 
themselves. In cells overproducing Bcl-2 due to gene 
transfer manipulations, the drug enters the cell at a normal 
rate and induces specific molecular damage [24]. Bcl-2 
increases the threshold of specific molecular damage that 



is necessary to generate the biochemical events that will 
lead to apoptotic cell death, for example activation of 
cysteine proteases and endonucleases [27]. Upon removal 
of the drug, Bcl-2-protected cells can repair drug-induced 
damage and resume their proliferation. These unique 
functional properties of Bcl-2 presumably account for the 
poor clinical outcome associated with bcl-2 overexpres- 
sion in some series of patients with low grade follicular 
non-Hodgkin's lymphoma, acute myeloblastic leukaemia 
and solid tumour [121]. 

The inhibitory properties of Bcl-2 could be used to 
protect normal cells from chemotherapy-induced cell 
death. Enforced expression of bcl-2 gene in bone mar- 
row cells, using retroviral gene transfer techniques, was 
demonstrated to rescue these cells from apoptosis induced 
by topoisomerase inhibitors [122]. Conversely, specific 
strategies that will decrease Bcl-2 expression in tumour 
cells that overexpress the protein could increase their 
sensitivity to chemotherapeutic drugs and radiation. Anti- 
sense oligonucleotides have been successfully tested to 
specifically decrease bcl-2 expression in vitro, and this 
inhibition increases leukaemic cell sensitivity to cytotox- 
ic agents [123]. These short stretches of synthetic single- 
strand DNA enter the cell, bind to specific messenger 
ribonucleic acid (mRNA) sequences and prevent the 
expression of the corresponding protein. A similar stra- 
tegy was also tested in a cell line derived fi*om a patient 
with chronic myeloid leukaemia, a disease in which a 
t(9;22) chromosomal translocation generates a chimeric 
bcr-abl protein with constitutive c-abl kinase activity [44]. 
Increased abl kinase activity induces a high level of cel- 
lular resistance to induction of apoptosis by a variety of 
stimuli, including chemotherapeutic drugs [42]. Again, 
antisense oligonucleotides, corresponding to bcr-abl, have 
proved efficient at increasing the sensitivity of the bcr- 
abl positive cell line to cytotoxic agents [43]. In some 
cell lines with either bcl-2 overexpression or bcr-abl re- 
arrangement, specific antisense oligonucleotides can inhi- 
bit cell growth and induce apoptosis without additional 
treatment [124]. 

Although such antisense intervention might have poten- 
tial clinical application, the therapeutic use of oligonu- 
cleotides has been shown to be problematical for a variety 
of reasons. A better strategy would be to identify agents 
that specifically interfere with the biochemical mecha- 
nisms by which either Bcl-2 or bcr-abl inhibit the apopto- 
tic process. Unfortunately, these biochemical mechanisms 
have not yet been clearly identified. 

Inhibition of the expression or function of Bcl-2, a pro- 
tein involved in the final pathway that seems to be com- 
mon to numerous forms of apoptosis, could not be specific 
enough to be a good therapeutic strategy. Recent data 
analysing a Bcl-2 loss of function murine model suggest 
that the function of Bcl-2 is absolutely necessary only 
in a limited number of normal cell types or, alternatively, 
there is a redundancy within the Bcl-2 family such that 
specific loss of Bcl-2 is relatively well-tolerated [125]. 
Therefore, short-term treatment with the antisense oligo- 
nucleotide anti-^c7-2 may not be as toxic as might ini- 
tially have been expected. Targeting Bcl-x, a Bcl-2 related 
protein whose isoform Bcl-xL also inhibits drug-induced 
apoptosis, could be more toxic, since Bcl-x deficient mice 
demonstrated extensive apoptotic cell death of neurons 
and haematopoietic progenitors [126]. 
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Bcl-2 overexpression has not been associated with poor 
clinical outcome in all types of malignant tumours. Recent 
reports suggest a better prognosis in some tumours with 
increased Bcl-2 expression. This clinical observation could 
have several explanations. Firstly, growth factors were 
demonstrated to modulate the expression [127, 128], and 
to induce post-transcriptional modifications of the pro- 
tein [24] that could modulate its activity. Better under- 
standing of this regulation could suggest therapeutic use 
of this modulating activity. Secondly, Bcl-2 activity is 
modulated by heterodimerization with several other pro- 
teins from the Bcl-2 family, for example Bax [41]. Bax 
functions as a promoter rather than a repressor of cell 
death [33]. Relationships between the two proteins is 
enforced by the observation that p53, both represses hcl- 
2 expression and promotes Bax expression [28]. A cell 
with low Bax expression would require only low levels 
of Bc!-2 to reach the critical stoichiometry at which Bcl- 
2/Bax dimer form, and reprieve from death is assured. 
Conversely, high Bax levels could render the cell more 
sensitive to death and more difficult to rescue. According- 
ly, several tumours demonstrated marked reduction in 
Bax expression, sometimes associated with p53 mutati- 
ons and/or drug resistance. Finally, interactions of Bcl- 
2 with other proteins from the Bcl-2 family could induce 
the specific inhibition of some apoptotic pathways. For 
example, Bcl-2 needs to interact with BAG-1 to effi- 
ciently prevent apoptosis induced by the Fas signalling 
pathway [40]. Therefore, modulation of Bcl-2 activity 
may require pharmacological agents that mimic or pre- 
vent specific interactions between proteins of the Bcl-2 
family in order to be more specific with regard to the 
cell type and the stimuli. 

Proteases involved in the final common pathway that 
leads to apoptosis, mainly ICE and ICE-related protein 
family, constitute another potential therapeutic target. 
Again, alternative spliced forms of members of ICE fam- 
ily, such as Ichll and Ichls, can have opposite effects 
[116]. This suggests that cysteine protease inhibitors that 
are specific for each member of the family, and pharma- 
cological agents that modulate interactions between these 
members, may be developed [129-131]. These agents 
exist in nature: granzyme A and B, synthesized by cyto- 
toxic T-cells, are ICE-related proteases that directly acti- 
vate the apoptotic machinery in the target cell [132]. 
Conver-sely, several viruses synthesize proteins that either 
mim-ic Bcl-2 (BHRFl from EBV, ElB from adenovirus, 
and LMW5-HL of African swine fever virus) or stimu- 
late Bcl-2 expression (LMP-1 from EBV) or inhibit ICE 
(CrmA from cowpox virus) [49, 50]. Generation of atten- 
uated viruses that do not express the genes which allow 
them to establish latent infection could be used for vac- 
cination. 



Therapeutic strategies targeting more specific pathways 

Other targets for the therapeutic modulation of apop- 
tosis are the different signalling pathways that activate 
the central cell death machinery. Most inducers of apop- 
tosis use a specific signalling pathway. DNA damaging 
agents use a p53-dependent pathway. In leukaemic cells, 
activation of Fas and TNF receptors induces sphingomye- 
lin hydrolysis and ceramide production. In thymocytes. 



interaction of cytokines and growth factors with their 
membrane receptors activates a calcium-dependent path- 
way. Only cytotoxic T-cells induce apoptosis by deliver- 
ing in the target cells several proteases (or granzymes), 
some of them mimicking the activity of ICE. It is very 
important to understand how early steps of apoptosis are 
activated through the cell, because this may make it pos- 
sible to define successful strategies. Nitric oxide (NO) 
synthase expression and NO production are increased in 
MRL Ipr/lpr mice, and spontaneous glomerulonephritis 
and arthritis can be reduced by oral administration of N- 
mono-methyl-arginine, which inhibits NO production 
[59], Early HIV infection is associated with reduced glu- 
tathione levels in blood cells. The pro-oxidant state asso- 
ciated with HIV infection may result in perturbations of 
activation-induced signal transduction in T-lymphocytes, 
which may be related to the enhanced tendency of these 
cells to undergo apoptosis [133]. Beneficial effects could 
be obtained by treatment of HIV-infected individuals 
with antioxidants, such as N-acetylcysteine [134]. 

Again, malignant cells provide a good example for 
testing this strategy. Mutations of p53 were suggested to 
reduce the efficacy of DNA damaging agents in human 
tumours [7]. The protein p53 is not an element of the 
final common pathway, since cells lacking p53 can still 
undergo apoptosis, although some apoptotic stimuli do 
not function. The protein is an important trigger for apop- 
tosis induced by DNA damage. Two mechanisms were 
proposed to explain the involvement of p53 in induction 
of apoptosis in response to DNA damage. A "clash" 
mechanism suggest's that p53-mediated cell cycle arrest 
conflicts with oncoprotein driven cell cycle progression 
stimulus, leading to apoptosis. The "dual pathway" mech- 
anism suggests that the outcome of p53-mediated Gl 
arrest depends on the cell genotype, i,e, the expression 
of adenovirus ElA protein [135]. Whatever the true mech- 
anism, p53 mutations have been related to radioresis- 
tance, and reintroduction of wild-type p53 was shown to 
restore cisplatin-induced apoptosis into p53-deficient lung 
carcinoma cells. Several clinical studies also suggest that 
the presence of p53 mutations is associated with poor 
prognosis [136], and sometimes with drug resistance 
[137], in various cancers. Based on this observation, the 
identification of p53 mutations in certain tumour types 
may become an important factor in treatment decision. 
The use of dmgs or gene vectors that restore p53 activity 
may increase the therapeutic efficacy of DNA damaging 
agents. Alternatively, identification of p53 mutations 
should lead to the use of molecules that induce tumour 
cell apoptosis independently of p53, such as Taxol [138]. 

A paradox of the immune response leading to T- or 
B-cell apoptosis could be use for the treatment of auto- 
immune diseases. Despite the role of acquired immunity 
in the defence against infectious agents, very high doses 
of antigen, or prolonged exposure to antigen can sup- 
press T- and B-cell mediated immune response in adult 
animals. For example, large numbers of viruses produce 
antigenic loads that induce the deletion of cytotoxic T- 
cells and eliminate a recall response. T-cell death was 
demonstrated to be a physiological response to inter- 
leukin-2-mediated cell cycle stimulation and T-cell recep- 
tor re-engagement at high antigen doses [139]. On the 
other hand, hypermutation of immunoglobulin genes in 
B-cells proliferating within germinal centres during an 
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immune response generates variant antibodies that react 
with higher affinity against either foreign or self anti- 
gens. Recent studies have shown that administration of 
soluble antigen induces the rapid apoptosis of antigen- 
specific germinal centre B-cells, a mechanism that could 
cope with affinity maturation of autoantibodies to sys- 
temic autoantigens and induce tolerance [140, 141]. This 
mechanism could have failed in patients with rheuma- 
toid arthritis, who develop antibodies that react with their 
own immunoglobulin [142], Specific deletion of lympho- 
cytes by repetitive treatment with a disease-associated 
autoantigen has been shown to be effective in the treat- 
ment of experimental autoimmune encephalitis in mice 
[139]. Similar treatment strategies may prove effective 
in human autoimmune disease, if the specific antigens 
involved in the autoimmune reaction can be identified. 
A better understanding of the tolerance induced by high 
doses of antigen could also help immunologists to improve 
their protocols for inducing specific tolerance to trans- 
plantation antigens. Another apoplosis-related strategy 
for the immunotherapy of autoimmune diseases in vivo 
would be to deliver an antigen-specific signal to the T- 
cells in the absence of the second co-stimulatory signal; 
a strategy that was recently shown to induce specific 
apoptosis of autoreactive T-cells [143]. 

If the role of the Fas/Fas ligand system is confmned 
in diseases, such as chronic thyroiditis or fulminant hepati- 
tis, induced by hepatitis B or hepatitis C viruses, the sol- 
uble form of Fas as well as neutralizing antibodies to Fas 
or Fas ligand could prove clinically useful. Fas-based re- 
agents (such as activating anti-Fas or FasL) were also con- 
sidered for the treatment of AIDS, in combination with 
3'azido-3'-deoxythymidine, since anti-Fas monoclonal 
antibodies are cytotoxic to the HIV-infected cells, with- 
out increasing HIV infection [144]. These antibodies were 
also demonstrated to induce apoptosis of leukaemia cells, 
suggesting they could be used for the treatment of adult 
T-cell leukaemia [145]. Moreover, anti-Fas antibodies 
were shown to synergize with toxins and chemothera- 
peutic drugs to overcome TNF and drug resistance in 
various human tumour cell lines [146]. 

Increased expression of Fas in cisplatin- and gamma 
interferon-treated colon carcinoma cells could make it 
possible to obtain a synergistic effect of cytotoxic drugs 
and anti-Fas antibodies (M.T. Dimanche-Boitrel and O. 
Michaux, personal communication). However, it would 
be necessary to find a method to accurately target the 
reagents to the target cells in vivo, in order to avoid the 
potential risk of these reagents for normal tissues [76]. 
Targeted gene transfer techniques could resolve this obsta- 
cle: CD2-Fas transgene was recently reported to allow 
the maintenance of Fas apoptosis function and T-cell 
function in aged mice at a level comparable to that of 
young mice [104], 

The use of cell surface receptors and second messen- 
ger systems to regulate cell death responses in vivo may 
have pleiotropic effects. For example, interleukin-12 (IL- 
12) treatment in vivo has recently been shown to protect 
bone marrow from gamma irradiation-induced apoptosis; 
whereas, it potentiates cell death within the gastrointe 
stinal tract in response to the same stimulus [147]. Haema- 
topoietic growth factors prevent apoptosis of haematopoi- 
etic cells that express membrane receptors for these factors 
and are already in therapeutic use to prevent excessive 



cell death in patients treated with chemotherapeutic agents 
[148], Protection of malignant cells from the cytotoxic 
effect of the therapeutic compounds suggests that the 
clinical use of these cytokines in combination with cyto- 
toxic drugs should be carefully timed [149]. Accordingly, 
a clinical trial that combined granulocyte/macrophage 
colony-stimulating factor (GM-CSF) and standard induc- 
tion cytotoxic therapy for the treatment of acute myeloblas- 
tic leukaemias suggested a negative effects of the growth 
factor on the response rate [150]. However, several other 
trials combining either granulocyte colony stimulating 
factor (G-CSF) or GM-CSF with chemotherapy did not 
confirm the negative impact of growth factors; and addi- 
tional randomized studies will be necessary to determine 
whether growth factors improve or decrease the response 
rate of acute myeloblastic leukaemias to chemotherapy 
[148]. 

Hormones can prevent apoptosis induced by their depri- 
vation [151], Conversely, the P-chain of human chori- 
onic gonadotrophin (p-HCG), a pregnancy hormone, was 
shown to induce in vitro and in vivo cell death, supposed 
to be apoptosis, in a neoplastic Kaposi's sarcoma cell 
line [152]. It was proposed that the low rate of Kaposi's 
sarcoma in women could be due to the interplay of hor- 
mones in the regulation of vascular proliferation. HIV- 
l -associated Kaposi's sarcoma has a high incidence among 
homosexual men. The antitumour properties of P-HCG 
could offer a new strategy for the treatment of this dis- 
ease. 

In conclusion, there is no doubt that apoptosis is an 
important factor in the pathogenesis and treatment of 
numerous diseases. It must be emphasized that apopto- 
sis can certainly not explain all death phenomena observed 
in human diseases. Nevertheless, the notion that many 
diseases are related to deregulated cell death, and that 
new therapeutic strategies can derive from these obser- 
vations, probably explains the enormous enthusiasm for 
this area of research. 
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Apoptosis is involved in the regulation of Schwann cell numbers 
during normal development and after axonal damage, but the 
molecular regulation of Schwann cell death remains unknown. 
We have used stably transfected rat Schwann cell lines to study 
the potential roles of nerve growth factor (NGF), the antiapop- 
totic protein Bcl-2 and the cytokine response modifier A (CrmA) 
in modulating Schwann cell death in vitro. Bcl-2 inhibited 
Schwann cell apoptosis induced by survival factor withdrawal, 
whereas CmnA did not. In contrast, Bcl-2-transfected Schwann 
cells were susceptible to apoptosis in response to exogenous 
NGF, whereas CrmA-expressing cell lines were resistant. Dem- 
onstration of high levels of the low-affinity neurotrophin recep- 
tor p75 but not the high-affinity TrkA receptor on the Bcl-2- 
transfected cell lines suggested that the NGF-induced killing 



was mediated by p75. This was confirmed by resistance of 
Schwann cells isolated from p75 knockout mice to the NGF- 
induced cell death. Nerve growth factor also promoted the 
death of wild-type mouse and rat Schwann cells in the absence 
of survival factor withdrawal. Endogenous Bcl-2 mRNA was 
expressed by wild-type Schwann ceils in all conditions that 
promoted survival but was downregulated to undetectable lev- 
els after survival factor withdrawal. In conclusion, our results 
demonstrate the existence of two separate pathways that ex- 
pedite apoptosis in Schwann cells: a Bcl-2-blockable pathway 
initiated on loss of trophic support, and a Bcl-2-independent, 
CrmA-blockable pathway mediated via the p75 receptor. 

Key words: apoptosis; neurotrophins; Schwann cells; nerve 
grov\nh factor; Bcl-2; low-affinity neurotrophin receptor 



The number of Schwann cells in peripheral nerve is tightly 
regulated, and programmed cell death, or apoptosis, has been 
implicated in this process (Syroid et al., 1996; Trachtenberg and 
Thompson, 1996). Axonally derived neuregulins prevent Schwann 
cell apoptosis, suggesting that Schwann cell numbers are controlled 
by competition for axonally derived trophic support (Grinspan et 
al., 1996). However, the molecules involved in mediating Schwann 
cell apoptosis are unknown. 

Apoptosis involves activation of a cascade of proteolytic en- 
zymes called caspases (Nicholson and Thornberry, 1997). Mem- 
bers of the Bcl-2 protein family are key regulators of apoptosis 
and are categorized according to their ability to promote (e.g., 
Bak, Bax, Bik) or inhibit (e.g., Bcl-2, Bcl-xL, Bcl-w) apoptosis 
(Newton and Strasser, 1998). The mechanism of the anti- 
apoptotic function of Bcl-2 is uncertain, but Bcl-2 proteins regu- 
late the activation of key caspases (Adams and Cory, 1998; 
Newton and Strasser, 1998). Recently, it was suggested that Bcl-2 
could also serve as a caspase substrate, such that activation of the 
cell surface receptor Fas (Itoh et al., 1991) leads to cleavage of 
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Bcl-2, which then accelerates rather than inhibits apoptosis 
(Cheng et aL, 1997). 

Schwann cells express high levels of the low-affinity neurotro- 
phin receptor p75 (Lemke and Chao, 1988), which has sequence 
similarity to the tumor necrosis factor receptor (TNFR) pSS™^"^ 
and to Fas (Meakin and Shooter, 1992). Ligand binding to Fas or 
p55^^^^ initiates programmed cell death via activation of 
caspase 8, which can cleave other caspases. This caspase 
8-mediated pathway cannot be blocked by Bcl-2 but is inhibitable 
by a poxvirus caspase inhibitor, cytokine response modifier A 
(CrmA) (Chinnaiyan et al., 1995; Strasser et al., 1995; Cohen, 
1997). A role for p75 in signaling the death of neural cells has also 
been established (Rabizadeh et al, 1993; Barrett and Bartlett, 
1994; Frade et al., 1996; Frade and Barde, 1998), but the role of 
ligand binding in p75 activation is uncertain. In some systems, p75 
induces cell death constitutively (Rabizadeh et al., 1993), whereas 
cell death can also be induced by p75 activation through ligand 
binding (Casaccia-Bonnefil et al., 1996; Frade et al., 1996). The 
intracellular death pathway initiated by p75 signaling is unknown. 

The neurotrophins not only bind to p75 but also bind with high 
affinity to receptor tyrosine kinases known as Trks, comprising 
Trk-A, -B, and -C (Kaplan et al„ 1991; Kaplan and Miller, 1997), 
Potential mechanisms by which the prototypic neurotrophin, 
nerve growth factor (NGF), signals were recently assessed in 
oligodendrocytes; it was suggested that activation of Trk-A pro- 
moted survival via activation of NF-kB and via suppression of a 
death signal delivered by p75, acting through c-jun kinase (Yoon 
et al., 1998). It is of note that Schwann cells express only low 
levels of the Trk receptors (Yamamoto et al., 1993). 

The role of p75 in Schwann cells is obscure. Schwann cells 
could possibly bind and present NGF to regenerating neurons 
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Figure 1. Intracellular expression of the human Bcl-2 protein and the poxvirus caspase inhibitor CrmA in the transfected rat Schwann cell lines Bcl-2#1, 
-#3, -#4, and CrmA#7, #14, and #15. Immunofluorescence staining was performed with the mouse mAb Bcl-2-100 against the human Bcl-2 (for the 
Bcl-2 cell lines) or with mouse anti-Flag mAb (for the CrmA cell lines), and binding of primary antibody was detected with FITC -conjugated sheep 
anti-mouse IgG. As negative controls, rat Schwann cells transfected with the empty expression plasmid pEF were similarly stained (indicated in the 
histograms with a dashed line). 



after peripheral axotomy (Heumann et al., 1987), and it has been 
suggested that NGF could support Schwann cell migration (An- 
ton et al., 1994). There is no compelling evidence, however, to 
indicate a role for NGF as a Schwann cell survival factor, al- 
though NGF can activate NF-kB through p75 (Carter et al., 
1996). To date, cell death signaling through p75 has not been 
demonstrated in Schwann cells. 

In this study, using stably transfected Schwann cell lines, we 
found that Bcl-2, but not CrmA, protects Schwann cells from 
apoptosis induced by survival factor withdrawal. In contrast, 
Schwann cells transfected with Bcl-2 were sensitive to apoptosis 
in response to exogenous NGF, whereas CrmA-transfected 
Schwann cells were resistant. Lack of TrkA expression in the 
Bcl-2- transfected cell lines and resistance of p75-deficient 
Schwann cells to NGF-induced kilHng suggested that the NGF- 
induced death response was mediated via the p75 receptor. 

MATERIALS AND METHODS 

Cell culture and transfections. Cultures of rat Schwann cells were prepared 
from postnatal day 3 sciatic nerve and purified to >99.5% homogeneity 
as described previously (Brockes et al., 1979). Cells were plated on 
poly-L-lysine-coated (100 ^g/ml; Sigma, St. Louis, MO) 10 cm tissue 
culture Petri dishes or 6-well plates (Falcon) and maintained in DM EM 
(Life Technologies, Gaithersburg, MD), 10% fetal calf serum (PCS) 
(HyClone, Logan, UT), 2 forskolin (Sigma), and 10 ng/ml recombi- 
nant human neureguIin-jS (Amgen, Thousand Oaks, CA). Subconfiuent 
cultures that had been passaged 5-10 times were transfected either by 
using the transfection reagent LipofectAMINE (Life Technologies) 
according to the manufacturer's instructions or by electroporation of 2 X 
10' Schwann cells suspended in 500 ^il of PBS, at 270 V and 960 /iFD, 
with 10 ^g of plasmid cDNA containing either full-length human Bcl-2 or 



poxvirus CrmA cloned into the pEF FLAGpGKpuro (pEF) mammalian 
expression vector (Huang et al., 1997). This vector contains sequences 
encoding a Flag-tag and puromycin resistance. Both the Bcl-2 and CrmA 
plasmid cDNAs were kind gifts from Dr. David Vaux (The Walter and 
Eliza Hall Institute of Medical Research). Puromycin (Sigma) was added 
to facilitate positive selection at 2 ;jig/ml 48 hr after transfection. 

Mouse Schwann cells were isolated from postnatal day 2 sciatic nerves 
of BALB/c mice and homozygous mutant mice deficient for p75 (Lee et 
al., 1992) backcrossed onto the BALB/c and 129 genetic background. 
Briefly, nerves were digested for 30 min at 37°C by incubation with 0.25% 
trypsin (Sigma) and 0.02% collagenase (Sigma) in HBSS. Digestion was 
terminated by addition of 10% ice-cold FCS. Single-cell suspensions 
were subsequently prepared by passage of the cells through 18, 21, and 23 
gauge needles fitted to a 1 ml syringe. Cells were then pelleted, washed 
once with DMEM/10% FCS, and plated on 96-well plate wells in 
DMEM containing 10% FCS and 10 ng/ml of neuregulin-j3. Cells were 
expanded for 5-7 d and then sorted using rat anti-mouse Thy 1.2 antibody 
(Ab) (10 X concentrated supernatant of hybridoma 30H12) and rabbit 
complement (Life Technologies) to remove contaminating fibroblasts. 
Sorted cells were washed and plated on poly-L-lysine-coated 24-well plate 
wells and then subsequently dissociated on the following day to set up 
viability assays (see below). The percentage of Schwann cells in both the 
wild-type and knockout cultures was determined after sorting by S-100 
staining of cells plated on 8-well chamber slides. A total of 500 cells/ 
culture were counted from six to seven separate fields at 40x magnifi- 
cation, yielding purities of 94 ± 2% for the wild-type cultures and 96 ± 
3% for the p75 knockout cultures. 

Growth factors. The p-form of recombinant human neuregulin was 
obtained from Amgen. Nerve growth factor, purified from male mouse 
submaxillary glands (mNGF 2.5S; Alomone Labs), was purchased from 
Sapphire Bioscience (Alexandria, NSW, Australia). Recombinant human 
insulin-like growth factor (IGF-1) was purchased from Boehringer 
Mannheim. 
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Figure 2 The transfected Schwann cells express the astroglial protein 
S-100. Immunoperoxidase staining of Bcl-2#1 cells (B) and CrniA#14- 
cells (C) with rabbit anti-cow-S-100 protein is shown. As negative con- 
trols, the same cell lines were stained with secondary antibody only, as 
shown for the Bcl-2#1 cell line in A. Scale bar (shown inA):A,B, 50 ^m; 
C, 100 Mm. 



Antibodies and flow cytometry reagents. Monoclonal antibody to the 
low-affinity nerve growth factor receptor of rat (clone MCI 92) and a 
monoclonal antibody to mouse nerve growth factor (clone 27/21, which 
also reacts with NGF from rat) were purchased from Boehringer Mann- 
heim. Anti-Flag Ab (clone M2) was from Sigma (NSW, Australia). 
Anti-human Bcl-2 Ab that was used for flow cytometry (DAKO-Bcl-2, 
clone 124) and rabbit anti-cow-S-100 antibody were from Dako Corpo- 
ration (Carpinteria, CA). Anti-human Bcl-2 Ab [Bcl-2^100 (Pezzella et 
al., 1990)] that was used for Western blotting was a kind gift from Dr. 
David Huang (The Walter and Eliza Hall Institute of Medical Research). 
Anti-human CD40L monoclonal antibody (mAb; isotype control for the 
MCI 92 mAb) was from PharMingen (San Diego, CA). FITC -conjugated 
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figure 3. Northern blot analysis confirms that the Bcl-2-transfected cell 
lines express transcripts of the Schwann cell-specific Pq gene. Shown is Pq 
expression of the three Bcl-2-transfected cell lines cultured in either high 
(20 ^M, lanes 7-5) or low concentration of forskolin (2 /xM, Bcl-2#1 cell 
line, lane 4). Lane 5 contains fibroblast RNA as a negative control, and 
lane 6 contains wild-type rat Schwann cell RNA as a positive control. 



sheep anti-mouse IgG and FITC -conjugated goat anti-mouse IgG 
(Southern Biotechnology Associates, Birmingham, AL) were purchased 
from Silenius Laboratories (Victoria, Australia). Annexin-V-Fluos re- 
agent, a fluorescence-conjugated anticoagulant for the detection of phos- 
phatidylserine on the outer leaflet of apoptotic cells, was purchased from 
Boehringer Mannheim. 

3'[4,5'Dimethylthiazol-2-yl]-2y5-diphenyltetrazolium bromide survival as- 
say. To assess the survival kinetics of the various transfected rat Schwann 
cell lines, the cells were first trypsinized and washed three times with 
ice-cold DM EM. Washed cells were then plated at 4 X 10"* cells/ml in 
either DM EM without serum and without growth factors or with 
DMEM together with either 1, 10, or 100 ng/ml NGF, with 500 ng/ml 
anti-mouse NGF antibody, or 10 ng/ml NGF together with 500 ng/ml 
anti-NGF. Assays were performed over a 72 hr period in multiple 
Terasaki microwell plates, such that numbers of viable 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)-positive 
cells were counted at 0, 24, 48, and 72 hr. Six wells for each time point 
and each condition were assessed. Cells exhibiting a blue granular 
reaction product 1 hr after addition of 0.5 mg/ml MTT were counted as 
positive. The percentage of surviving cells was then determined as a 
fraction of the baseline cell count for each experimental condition. 
Wild-type rat and mouse Schwann cells were similarly assessed, in either 
DMEM alone, DMEM together with 10 ng/ml NGF and, in a subset of 
experiments, 100 ng/ml IGF-1 and 50 ng/ml neuregulin-/3with or without 
10 ng/ml NGF. Because of the limited numbers of mouse Schwann cells, 
only baseline and 48 hr time points were included. 

Statistics. Statistical significance of the differences in survival between 
Bcl-2 and CrmA-transfected and control cell lines for each of the culture 
conditions tested was assessed using unpaired Student's t test, with the 
aid of Microsoft Excel Version 4.0 computer software and the Student 
Distribution from Geigy Scientific Tables. /? values <0.05 were taken as 
statistically significant. 

S-100 immunohistochemistry. To analyze for expression of the glial 
protein S-100, Schwann cells were cultured on 8-well Chamber slides 
(Nunc, Roskilde, Denmark). The cultures were then fixed with 4% 
paraformaldehyde and stained with rabbit anti-cow S-100 antibody at 
1:200 dilution. Binding of the primary antibody was detected using a 
Vectastain peroxidase anti-rabbit IgG kit according to the manufactur- 
er's instructions. A chromogenic reaction was developed with DAB, and 
the slides were mounted in Gurr's Aquamount (BDH Laboratory Sup- 
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Figure 4. Survival of Bcl-2-transfected rat Schwann cells in vitro after survival factor withdrawal or treatment with either exogenous NGF or anti-NGF 
antibodies. The control cells were transfected with the empty mammalian expression vector pEF. Cells were cultured in multiple microwell plates in {A) 
DM EM only or (B, C) DM EM containing exogenous NGF or {D) anti-NGF antibody. The numbers of viable cells were assessed daily over a 3 d period. 
A, Bcl-2 protects Schwann cells from apoptosis induced by survival factor withdrawal. The data shown represent means ± SEM of three independent 
experiments comparing the survival of three separate Bcl-2-transfected Schwann cell lines (Bc/-2#7, Bcl-2-^3, and Bcl-2=^4) with the survival of a control 
cell line,p£F. All three Bcl-2-transfected cell lines exhibited a significant survival advantage at 24, 48, and 72 hr (p values from 0.005 to <0.0005). B, 
Nerve growth factor at 10 ng/ml significantly reduces the survival of Bcl-2-transfected Schwann cells. Means ± SEM of three independent experiments 
with Bcl-2#1 and -#3 cell lines and the control cell line pEF#l are shown./? values are 0.001, 0.01, and 0.0025 for the Bc!-2#1 cell line and 0.025, 0.001, 
and 0.1 (NS) for die Bcl-2#3 cell line at 24, 48, and 72 hr, respectively. C, Dose -response study of the effect of NGF on the survival of Bcl-2-transfected 
Schwann cells. Shown are mean viabilities ±SEM of Bcl-2#1, Bcl-2#3, and Bcl-2#4 cell lines assayed in one survival experiment. Culture conditions 
were either DM EM alone or DM EM with 1, 10, or 100 ng/ml of NGF. All three concentrations of NGF significantly reduced the survival of the 
Bcl-2-transfected cell lines, the lower concentrations slightly but not significantly (p > 0.05) more than 100 ng/ml. £), Anti-NGF antibody increases the 
survival of Bcl-2-transfected Schwann cells. Shown are the means ± SEM, comparing the viability of three separate Bcl-2-transfected cell lines assayed 
in one survival experiment. Culture conditions were DMEM only, DMEM + 10 ng/ml NGF, or DMEM + 500 ng/ml anti-NGF antibody. The difference 
in survival between DMEM only and anti-NGF conditions was significant at 48 hr (p = 0.025), and the difference between NGF-neutraUzed (anti-NGF) 
and NGF-added conditions was significant at all time points (p values from 0.001 to 0.005). 



plies, Poole, UK), coverslipped, and photographed using Ektachrome 
200 ASA color slide film. 

Flow cytometry. To determine whether the transfected Schwann cell 
lines expressed the human Bcl-2 protein intracellularly, the cells were 
stained with anti-human Bcl-2 Ab as described previously (Strasser et al., 
1995). Intracellular expression of CrmA protein from the CrmA plasmid 
was indirectly assessed by staining transfected cells with anti-Flag anti- 
bodies, using a similar protocol. Cell surface expression of p75 was 
determined by incubating the cells for 30 min on ice with 1 /Ag/ml mouse 
mAb clone 192 against rat p75, or with isotype-matched control mAb 
(anti-human CD40L). The cells were then washed twice with PBS con- 
taining 2% FCS and 0.1% sodium azide, incubated for an additional 30 
min with FITC -conjugated sheep anti-mouse IgG, washed twice, and 
analyzed using a FACScan flow cytometer (Becton Dickinson, Mountain 
View, CA). 

To distinguish between apoptosis and necrosis, the pEF-1 and the 
Bcl-2#1 transfected Schwann cell lines were cultured on 6-well plates in 
DMEM or DMEM containing 10 ng/ml NGF for 48 hr. The cells were 
then trypsinized and washed once with DM EM/10% FCS and twice 
with MT-PBS containing 2% FCS. A total of 10** cells were incubated in 
100 ^1 of solution containing 20 fi.1 of Annexin-V-Fluos labeling reagent 



and 20 jllI of 50 /xg/ml propidium iodide solution in 1 ml of incubation 
buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCIz). 
After 15 min of incubation, 200 /utl of a HEPES and phosphate-buffered 
balanced salt solution containing 5% FCS was added per tube, and the 
cells were immediately analyzed on a flow cytometer for fluorescein and 
propidium iodide detection. 

Northern blotting. To confirm that the transfected clones were Schwann 
cells, transcripts of the Schwann cell glycoprotein P^ gene in untrans- 
fected and transfected Schwann cells were analyzed by Northern blotting, 
using a 1.85 kb probe that recognizes the Schwann cell-specific P,j RNA. 
The pSN63 plasmid containing the Py cDNA insert was a gift from G. 
Lemke (The Salk Institute, La Jolla, CA). Briefly, the Pq fragment was 
cut from the SN63 vector with £^coRI digestion, gel-purified using a 
QIAEX II gel extraction kit, and labeled with -^^P using a NeBlot kit 
(New England Biolabs, Beverly, MA). The labeled probe was hybridized 
overnight at 68*'C with Schwann cell mRNA previously transferred to a 
Hybond-N membrane (Amersham). Images were developed after a 4 hr 
exposure using a Phosphoimager (Molecular Dynamics, Sunnyvale, CA). 
In addition, Northern blotting was used to determine expression of the 
high-affinity NGF receptor Trk-A on the Bcl-2-transfected Schwann cell 
lines. A 398 bp fragment of Trk-A cDNA, cloned into the pBSKS(-) 
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Figure 5. Nerve growth factor does not induce cleavage of Bcl-2. West- 
em blotting of Bcl-2-transfected and control Schwann cells was performed 
to determine whether NGF induces cleavage of Bcl-2. Lane 7, Wild-type 
rat Schwann cells; lane 2, Bcl-2-transfected Schwann cells in serum, 
neuregulin-0, and forskolin; lanes 3 and 4, survival factor-deprived con- 
dition for 24 hr; lanes 5 and 6, survival factor-deprived condition for 72 hr. 
No cleavage product was detected when 10 ng/ml NGF was present in the 
survival factor-deprived conditions (lanes 4 and 6\ 



vector was a gift from Dr. R. Klein (EMBL, Heidelberg, Germany). The 
fragment was cut from the expression vector with EcoKl and XbaX 
digestion and gel-purified using a QIAquick gel extraction kit. A total of 
50 ng of purified DNA was labeled with ^^P as described above and 
hybridized overnight at 68X with 0.5 /xg of mRNA isolated from Bcl-2#1 
cells and with 10 /Lig of total RNA from PCI 2 neuronal cells as a positive 
control. Images were developed after a 72 hr exposure using a Phospho- 
imager. To assess the amount of RNA loaded, the membrane was further 
hybridized with a 280 bp G3PD (GAPDH)-probe, cut with Pstl-HMWl 
digestion from a pGEM3Z plasmid. 

Western blotting. Reduced and denatured protein samples from control 
and Bcl-2-transfected Schwann cells were run on a 4-15% SDS Tris-HCI 
gel (Bio-Rad, Richmond, CA), transferred to a poly vinyl idene difluoride 
membrane, and blotted with Bcl-2-100 mAb. Bound antibodies were 
detected with HRP-conjugated sheep anti-mouse IgG (Silenius) and 
enhanced using chemilumincscence (Amersham). 

RT-PCR. Degenerate primers amplifying a 549 bp fragment from the 
coding region of exon 1 of the Rattus norvegicus Bcl-2 cDNA were 
designed with the aid of NCBl's Blast 2.0 sequence similarity search 
program. The upper primer was 5'-CGCAAGCCGGGAGAACAG- 
GGTA-3', and the lower primer was 5'-AGGTGTGCAGATGCC- 
GGTTCAGGT-3'. These primers were designed to maximize amplifi- 
cation of sequences similar in the rat, mouse, and human Bcl-2 genes, 
with minimal homology to other Bel family members, and were synthe- 
sized by Beckman Oligonucleotide Synthesis Service (Gladesville, NSW, 
Australia). As a positive control, a 760 bp fragment of rat |3-actin was 
amplified using 5'-CTGAAGTACCCCATTGAACACGGC-3' as the 
upper primer and 5'-CAGGGCAGTAATCTCCTTCTGCAT-3' as the 
lower primer. The /3-actin oligonucleotides were also designed using the 
Blast 2.0 computer program, and they were synthesized by Pacific Oligos 
(Southern Cross University Lismore, NSW, Australia). 

To synthesize first-strand DNA for RT-PCR, total RNA (1 /tg) or 
mRNA (50 ng) isolated from wild-type rat Schwann cells was reverse- 
transcribed using Superscript II RNase H" Reverse Transcriptase (Life 
Technologies) in a 20 /xl reaction volume at 42°C. The various culture 
conditions from which RNA had been prepared were as follows: (1) 
DMEM containing 10% FCS, 10 ng/ml neuregulin-jS, and 2 forsko- 
lin, (2) DMEM containing IGF-1 for either 4 or 16 hr, (3) DMEM 
containing NGF for 4 hr, (4) DMEM only for 1, 2, 4, 8, or 24 hr. For 
RT-PCR, 5% (1 ix\) of the first-strand reaction was amplified in a reaction 
containing 0.4 /xl of 10 mM dNTP mixture (Life Technologies), 1 /utl of 
each primer at 20 /llM, 1 /utl of 50 mM MgCl2, 5 /xl of lOx PGR buffer (Life 
Technologies), and 0.5 fi\ (2.5 U) of AmpliTag (Perkin-Elmer, Em- 
eryville, CA) to a total volume of 50 ptl. A total of 30 cycles of PCR 
amplification was performed on a Perkin-Elmer Cetus 480 thermal cycler 
(Perkin-Elmer) at 94° for 1 min, 58** for 1 min, and 72** for 2 min. 
Reaction products were electrophoretically separated on a 2% DNA 
grade agarose gel containing 5 pig/ml ethidium bromide stain to facilitate 
visualization of the bands under UV illumination. 



RESULTS 

Generation and characterization of Bcl-2- and CrmA- 
expressing Schwann ceil lines 

To assess the effect of Bcl-2 and CrmA on Schwann cell survival 

we transfected primary rat Schwann cells with puromycin- 
selectable constructs containing sequences encoding FLAG 
epitope-tagged human Bcl-2 or FL AG-tagged CrmA. Expression 
of the constructs in the stable puromycin-resistant rat Schwann 
cell lines that were generated was demonstrated by intracellular 
immunofluorescence staining with anti-human Bcl-2 antibodies 
or, in the case of the CrmA transfected cells, with anti-FIag- 
antibodies. Three Bcl-2-transfected and three CrmA-transfected 
cell lines that expressed high and similar levels of Bcl-2 and 
CrmA, respectively, were chosen for further experiments (Fig. 1). 

To confirm that the transfected cell lines had retained Schwann 
cell characteristics, all cell lines were assessed by immunohisto- 
chemistry for expression of the glial protein S-100. All of the 
transfected cell lines that were used in subsequent experiments 
expressed S-100. Bcl-2#1 and CrmA#14 cell lines staining posi- 
tively for S-lOO are shown in Figure 2. Northern blotting was used 
to confirm expression of the Schwann cell-specific Po gene 
(Lemke and Axel, 1985). Pq was expressed in all three Bcl-2- 
transfected cell lines that were studied as well as in wild-type rat 
Schwann cells but not in rat fibroblasts that were included as a 
negative control (Fig. 3). 

Bcl-2 rescues Schwann cells from apoptosis triggered 
by withdrawal of survival factors but fails to rescue 
these cells from killing by NGF 

To elucidate the potential role of Bcl-2 in Schwann cell apoptosis, 
we assessed the viability of three separate Bcl-2-transfected rat 
Schwann cell lines in comparison with rat Schwann cell lines 
transfected with the empty mammalian expression plasmid pEF 
FL AGpGKpuro (pEF). The first death stimulus that was assessed 
was withdrawal of serum, neuregulin-/3, and forskolin. All three 
Bcl-2-transfected cell lines exhibited significant survival advan- 
tage at 24, 48, and 72 hr after factor deprivation in comparison 
with the pEF#l control cell line (Fig. 4A), Survival of the pEF#l 
and pEF#2 control cell lines used in this study did not signifi- 
cantly differ from wild-type Schwann cells (data not shown). 

The survival factor-starved Bcl-2-transfected cells were also 
cultured with NGF at the time of plating. Addition of NGF at 10 
ng/ml to the cultures reduced the viability of all three Bcl-2- 
transfected cell lines throughout the 72 hr observation period 
(Fig. 4B). There was a trend toward more cell death at the lower 
concentrations of NGF (1 and 10 ng/ml) than at 100 ng/ml, but 



Table 1. Bcl-2-transfected Schwann cells are resistant to apoptosis 
induced by survival factor deprivation but undergo apoptosis in 
response to NGF 
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Control (pEF) and Bcl-2-transfected Schwann cells were deprived of serum, 
neuregulin-/3, and forskolin for 48 hr. NGF (10 ng/ml) was added to half of the 
cultures. To determine the proportions of viable and apoptotic cells in each condi- 
tion, the cells were detached and stained at 48 hr with propidium iodide (PI) and 
Annexin-V-Fluos solution and analyzed by flow cytometry. Viable cells exclude 
propidium iodide and appear In the table as PI-. The data are generated from a 
single experiment. 
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Figure 6. Survival analysis of CrmA- 
transfected rat Schwann cells in vitro after 
survival factor withdrawal or treatment 
with exogenous NGF. A, CrmA-trans- 
fected cells show delayed but retained sus- 
ceptibility to survival factor deprivation 
but are protected against NGF killing. 
Shown are the mean viabilities ±SEM of 
three separate CrmA-transfected Schwann 
cell lines (CrmA#7, #14, and #15) in 
comparison with the pEF#l control cell 
line, as assessed in one of two similar sur- 
vival experiments. Cell lines were cultured 
either in DM EM only or in DM EM con- 
taining 10 ng/ml NGF. Control pEF cells 
died rapidly in both conditions (only 
DMEM is shown). CrmA-transfected celk 
showed some abrogated death at 24 hr 
CrmA/IGF+NGF (P = 0.025), but by 72 hr both the CrmA 
and control cells showed a similar death 
profile (p values 0.1 at 48 hr and 0.15 at 72 
hr; NS). B, CrmA-transfected cells are re- 
sistant to NGF killing in the presence of 
IGF-1, whereas Bcl-2-transfected Schwann 
cells remain susceptible to NGF under 
these conditions. Shown are means ± SEM 
of three separate experiments using the 
cell lines Bcl-2#1 and CrmA#7. The cells 
were cultured in either DMEM containing 
100 ng/ml IGF-1 or DMEM containing 
100 ng/ml IGF-1 and 10 ng/ml NGF. The 
difference in survival between the two cul- 
ture conditions was significant for the Bcl- 
2#1 cell line {p values from 0.025 to 
0.005), but not for the CnnA#7 cell line 
{p > 0.05). 



pEF 



the differences in viability between the various concentrations 
were not statistically significant (Fig. 4C). Viability of the vector- 
only pEF#l cells was not significantly affected by the addition of 
NGF under conditions of survival factor deprivation, presumably 
because these cells were dying so rapidly (data not shown). 

To quantitate viability, the survival factor-deprived and the 
NGF-treated Schwann cells were stained with Annexin, which 
labels apoptotic cells, and the cells were analyzed by flow cytom- 
etry (Table 1). After withdrawal of survival factors, most (98%) 
of the control cells were Annexin positive al 48 hr, whereas only 
13% of the Bcl-2#1 Schwann cells were Annexin positive. How- 



ever, 33% of the survival factor-deprived Bcl-2#1 Schwann cells 
cultured with NGF were Annexin positive at 48 hr (Table 1). This 
correlated well with the survival advantage conferred by BcI-2 
and with the killing observed by NGF in the context of Bcl-2 
expression, as assessed in the MTT assays. 

Because Schwann cells have been reported to secrete low levels 
of NGF (Yamamoto et al., 1993), we next assessed the effect of 
neutralizing anti-NGF antibodies on the survival of the Bcl-2- 
transfected Schwann cells. Previously, it had been established that 
exogenous NGF and anti-NGF antibodies have no effect on the 
viability of wild-type Schwann cells in basal conditions after 
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Figure 7. Wild-type rat Schwann cells 
undergo apoptosis after survival factor 
deprivation, with no significant differ- 
ence in viability with or without NGF 
(p > 0.05). However, 10 ng/ml NGF 
significantly decreases Schwann cell via- 
bility when the cells are cocultured with 
IGF-1 and neuregulin-/3. Means ± SEM 
of three separate experiments are shown. 
The differences in survival between IGF- 
1+GGF and IGF-1 +GGF+NGF condi- 
tions were significant at all time points 
assessed {p values 0.05, 0,025, and 0.005 
at 24, 48, and 72 hr, respectively). 
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Figure 8. Transcripts of the high-affinity NGF receptor TrkA are not 
detectable in the Bcl-2-transfected Schwann cells. Northern blots were 
prepared using mRNA (—0.5 /xg/Iane) isolated from Bcl-2#1 Schwann 
cells cultured in DM EM containing 10 ng/ml NGF for 4 hr (lane 1) or on 
survival factor withdrawal for 4 hr (lane 2) or in DM EM containing 
serum, neuregulin-/3, and forskolin (lane 3). Approximately 10 ptg of total 
RNA isolated from PCI 2 neuronal cells was loaded as a positive control 
in lane 5. The arrow indicates the TrkA transcript between the 28S and 
18S ribosomal RNA bands that was detected in RNA isolated from the 
PCI 2 cells. 

growth factor withdrawal (T. J. Kilpatrick, unpublished observa- 
tion). We found that blocking the NGF activity increased the 
survival of all three growth factor-deprived Bcl-2-transfected cell 
lines by 20-25% (Fig. 4D). At 48 hr the survival of Bcl-2- 
transfected Schwann cells that were treated with anti-NGF anti- 
bodies was almost 100% and significantly higher than the survival 
of untreated cells. The difference in survival between cultures 
treated with exogenous NGF and those in which endogenous 
NGF activity was neutralized was -^50% (Fig. 4D). 

NGF does not lead to cleavage of Bcl-2 in 
Schwann cells 

To determine whether cleavage of Bcl-2 could be involved in the 
NGF-induced killing of the Bcl-2-expressing Schwann cells, we 



prepared Western blots of Bcl-2-transfected Schwann cells. The 
Schwann cells were cultured with either serum, neuregulin-B, and 
forskolin or, alternatively, without these additives, either with or 
without NGF, for 24 or 48 hr. We used the same anti-human Bcl-2 
100 antibody that was used for recognition of the cleaved 23 kDa 
fragment by Cheng et al. (1997). The antibody specifically recog- 
nized the 28 kDa noncleaved human Bcl-2 protein in the Bcl-2- 
transfected cells but, as expected, not endogenous Bcl-2 in the 
wild-type rat Schwann cells (Fig. 5). No cleavage of Bcl-2 was 
demonstrated (Fig. 5, lanes 4 and 6). 

CrmA delays but does not inhibit apoptosis triggered 
by survival factor withdrawal but protects against 
killing by NGF 

The effects of growth factor withdrawal and of exogenous NGF 
on the viability of CrmA-transfected Schwann cells were also 
assessed. The CrmA-transfected cell lines showed some potenti- 
ated survival in comparison to control cells at 24 hr after with- 
drawal of survival factors, but by 72 hr they showed a proportion 
of cell death similar to that of control cultures (Fig. 6 A). Nerve 
growth factor did not decrease the survival of the growth factor- 
deprived CrmA-transfected Schwann cells (Fig. 6A). To exclude 
the possibility that the death signal induced by survival factor 
withdrawal masked killing of the CrmA-transfected Schwann cells 
triggered by NGF, assays were also performed in the presence of 
IGF-1 to potentiate the baseline survival of the CrmA-transfected 
population. CrmA-transfected cells were also protected against 
NGF killing in these conditions (Fig. 6B), whereas Bcl-2- 
transfected cells remained susceptible to NGF in the presence of 
IGF-1 (Fig. 65). 

Wild-type Schwann cells are susceptible to killing by 
NGF in the presence of survival factors 

Survival factor-deprived wild-type rat Schwann cells died rapidly, 
and their survival was not significantly affected by NGF (Fig, 7). 
Because a death signal induced by NGF could not be assessed in 
cells that were already dying, we established conditions in which 
wild-type Schwann cells survived, but did not proliferate, by 
culturing them with IGF-1 and neuregulin-^. In these conditions, 
addition of 10 ng/ml exogenous NGF decreased the viability of 
wild-type Schwann cells by —30% (Fig. 7). Thus, the susceptibil- 
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Figure 9. Bci-2-transfected, CrmA-transfected, and control rat Schwann cells express the low-affinity NGF receptor p75 on the cell surface. 
Approximately 10^ pEF, Bcl-2#1, Bcl-2#3, Bcl-2#4, CrmA#7, or CrmA#14 cells were stained with mAb MC192 against the rat p75 receptor or with 
mouse IgGl control mAb, followed by FITC -conjugated sheep anti-mouse IgO. Fluorescence was measured using a flow cytometer. The background 
fluorescence obtained with the isotype-matched control mAb (dotted lines) was subtracted from the total pool to enable calculation of the percentages 
of cells from each cell line that expressed p75 (labeled as the Ml population). 



ity of wild-type Schwann cells to NGF was similar to the suscep- 
tibility of the Bcl-2-transfected Schwann cells, once no other 
interfering death stimuli were operative. 

Expression of NGF receptors by the transfected 
Schwann cell lines 

The induction of wild-type Schwann cell death by NGF was likely 
to have been mediated by p75, because these cells have not been 
shown to express TrkA but they express high levels of p75 (Lemke 
and Chao, 1988; Yamamoto et al., 1993). To determine whether 
the NGF-mediated effects in the Bcl-2-transfected rat Schwann 
cell lines were mediated by p75, we assessed expression of TrkA 
by these cells by Northern blotting. No TrkA message was detect- 
able in Bcl-2-transfected Schwann cells cultured for 4 hr in 
DMEM containing serum, neuregulin-/3, and forskolin, in 
DM EM alone, or in DMEM containing 10 ng/ml of NGF (Fig. 
8). Expression of p75 was assessed by indirect immunofluores- 
cence staining and flow cytometry. All of the cell lines expressed 
p75, with the CrmA lines appearing to express the receptor at the 
highest level (Fig. 9). 

p75-deficient Schwann cells are resistant to killing 
by NGF 

To establish whether NGF-mediated Schwann cell death required 
p75, we generated Schwann cell cultures from mice homozygous 
for a deletion in the p75 gene and from wild- type control mice. 
Unlike the wild-type rat Schwann cells that had been passaged 



several times in vitro, ~25% of the wild- type mouse Schwann cells 
(second to third passage) survived 48 hr without serum or 
neuregulin-j3, and their survival was significantly decreased by 
NGF added at the time of plating (Fig. 10) (p < 0.0005). In 
contrast, the Schwann cells isolated from p75 knockout mice were 
completely resistant to NGF killing (Fig. 10). As we have shown 
before (our unpublished results), the p75 -deficient Schwann cells 
also exhibited a survival advantage in comparison with the wild- 
type mouse Schwann cells on survival factor deprivation (Fig. 10). 

Expression of the Bcl-2 gene is regulated by wild-type 
Schwann cells 

Regulation of Bcl-2 expression in wild-type rat Schwann cells was 
studied using RT-PCR. Bcl-2 mRNA was expressed in all culture 
conditions that promoted survival, including IGF-1 alone, 
throughout the 16 hr assay period (Fig. 11). In contrast, after 2 hr 
of serum, neuregulin-j3, and forskolin withdrawal, Bcl-2 mRNA 
expression was downregulated to an undetectable level (Fig. 11). 
However, when NGF was present in the media, after the with- 
drawal of serum and other survival factors, Bcl-2 could be still 
detected at 4 hr, suggesting that NGF, at least in the short term, 
maintained Bcl-2 expression (Fig. 11). 

DISCUSSION 

Rat Schwann cell lines that stably express either human Bcl-2 or 
a poxvirus caspase inhibitor, CrmA, were used to investigate the 
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Figure 10. Schwann cells isolated from p75 knockout mice are resistant 
to NGF killing, whereas wild-type mouse Schwann cells are susceptible. 
The viability of Thy-1.2-sorted, p75"'" and iglS'^''^ Schwann cells was 
assessed at 48 hr after FCS and neuregulin-/3 withdrawal, with or without 
10 ng/ml NGF. Shown is the mean viability ±S£M of cells cultured in six 
parallel wells for each condition as assessed in one of two survival 
experiments, each with similar results. 

mechanisms that effect Schwann cell survival in response to 
different death stimuli, either survival factor deprivation or a 
stimulus initiated by NGF, signaling through its low-affinity re- 
ceptor p75. The results indicated that Bcl-2 protected Schwann 
cells from apoptosis induced by survival factor deprivation, 
whereas CrmA did not. This is consistent with previously estab- 
lished differential roles for Bcl-2 and CrmA as inhibitors of 
apoptosis: Bcl-2 blocks apoptosis induced by a wide variety of 
insults, apparently acting by inhibiting adaptors required for 
activation of certain caspases such as caspase 9 (Strasser et aL, 
1995; Adams and Cory, 1998), whereas CrmA appears to be more 
effective in blocking TNF family receptor-mediated apoptosis, by 
inhibiting caspase 8 (Smith et al,, 1996; Ashkenazi and Dixit, 
1998). Our results confirm a functional dichotomy in the regula- 
tion of Schwann cell death into Bcl-2 inhibitable and CrmA- 
inhibitable death pathways, although the death of neurons after 
deprivation of NGF is blockable by either Bcl-2 (Park et a!., 1996) 
or CrmA (Gagliardini et aL, 1994). It is thus possible that the 
pathways of cell death initiated by loss of trophic support are 
different in Schwann cells and neurons. This is consistent with 
emerging in vivo data that suggest coexistence of several different, 
not only stimulus-specific but also cell type-specific, apoptotic 
pathways in mammalian cells (Hakem et al., 1998). 

Several neuronal cell types die in response to NGF, including 
sensory dorsal root ganglion neurons (Barrett and Bartlett, 1994), 
neuronal precursors in embryonic chicken retina (Frade et al., 
1996), and cholinergic forebrain neurons (Van der Zee et al., 
1996). In at least three instances, this mechanism has been dem- 
onstrated to contribute to developmentally regulated death of 



neurons in vivo (Frade et al., 1996; Van der Zee et aL, 1996; Bamji 
et aL, 1998). In addition, mature oligodendrocytes that express 
p75, but not TrkA, are susceptible to NGF-induced cell death, 
whereas oligodendrocyte precursors and astrocytes are resistant 
(Casaccia-Bonnefil et aL, 1996). Similarly, the Bcl-2-transfected 
Schwann cell lines that we have analyzed did not express TrkA 
mRNA (Fig. 8), whereas p75 was expressed at high levels (Fig. 9). 
The effect of p75 activation, however, is almost certainly contex- 
tural, as demonstrated by the resistance of the CrmA-transfected 
Schwann cells to killing by NGF (Fig. 6^4). CrmA is quite selec- 
tive in its ability to inhibit caspases, showing the highest affinities 
to caspase 1 (interleukin-lj3 converting enzyme) and caspase 8 
(Zhou et aL, 1997; Garcia-Calvo et al., 1998). Therefore, activa- 
tion of caspase 1 or caspase 8 or both, in addition to expression of 
p75 in the absence of TrkA, is likely to be necessary for induction 
of cell death by NGF. High levels of the Bcl-2 transgene expressed 
in Schwann cells, or alternatively, culture of wild-type Schwann 
cells in conditions that maintained their viability and Bcl-2 ex- 
pression, were permissive for killing induced by exogenous NGF, 
suggesting that NGF was killing via a Bcl-2-independent pathway. 
Schwann cells isolated from mice lacking a functional p75 recep- 
tor were resistant to the NGF-induced cell death, corroborating 
that the NGF killing was mediated by p75. 

Schwann cells secrete NGF (Lindholm et al., 1987), and we 
found that inhibition of endogenous NGF activity resulted in a 
significant increase in the viability of survival factor-deprived 
Bcl-2-transfected Schwann cells. This suggests that incomplete 
protection of the Bcl-2-transfected Schwann cells against survival 
factor deprivation was caused by death induced by endogenous 
NGF, Death-inducing activity of endogenous NGF could also 
explain the observed inferior survival of wild-type mouse 
Schwann cells in comparison with the p75-deficient mouse 
Schwann cells after survival factor deprivation (Fig. 10). More- 
over, our results argue against a role for constitutive death- 
inducing activity of p75 in the absence of ligand binding (Rabi- 
zadeh et aL, 1993) in this lineage, because prevention of ligand 
binding increased survival rather than induced death. 

The Bcl-2 family is regulated by cytokines and other death/ 
survival signals (Adams and Cory, 1998). Using RT-PCR we 
confirmed that wild-type Schwann cells express Bcl-2 mRNA. We 
also demonstrated early downregulation of Bcl-2 transcript ex- 
pression in Schwann cells after survival factor deprivation (Fig. 
11). This supports a role for Bcl-2 in the maintenance of Schwann 
cell viability induced by survival factors. Detailed analysis of the 
nervous systems of Bcl-2 mice has indicated progressive loss 
of neurons during early postnatal development, but the effects on 
Schwann cell numbers ensheathing surviving neurons or the 
effects on Schwann cell survival after axotomy remain unexplored 
(Michaelidis et aL, 1996). Preliminary experiments using ribonu- 
clease protection assays have suggested that Bcl-2 is indeed ex- 
pressed by postnatal Schwann cells in wild-type animals both in 
the quiescent state and after axotomy (D. Syroid and G. Lemke, 
unpublished observations). Further analyses of these expression 
patterns will form the basis for understanding the potential phys- 
iological relevance of Bcl-2 as a modulator of Schwann cell 
survival. 

Previously, it has been established that axotomy leads to po- 
tentiated apoptosis among Schwann cells deprived of axonal 
contact (Grinspan et aL, 1996; Syroid et aL, 1996). Lf Bcl-2 were 
upregulated after nerve injury in response to cytokines released 
at the lesion site (Creange et aL, 1997), this would facilitate the 
survival of Schwann cells in the distal stump. Downregulation of 
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Figure 11. Regulation of Bcl-2 expression in wild-type rat Schwann cells as studied by RT-PCR. Bci-2 expression was detected in cells cultured in IGF-1 
for 4 hr {lane 4), IGF-1 for 16 hr {Jane 5), NGF for 4 hr {lane 6\ and after withdrawal of FCS, neuregulin-^, and forskolin for 1 hr (lane 7) or 2 hr {lane 
8). Bcl-2 was downregulated to undetectable levels after 4, 8, and 24 hr of survival factor deprivation {lanes 9-11). Rat )3-act!n was amplified as control 
to verify the fidelity of the cDNA. A 4>X\1^-Hae\\\ digest in lane 0 served as a molecular weight marker. Negative controls included no DNA in lane 
1 and tail DNA from a Bcl-2 knockout mouse (Bcl-2 in lane 2, Tail DNA from a Bcl-2 wild-type littermate of the Bcl-2 mouse served as a positive 
control {lane 3, Bcl-2-''-'). 



Bcl-2 expression by Schwann cells that completely lose access to 
axonally derived neuregulins (Grinspan et al., 1996) and IGF-1 
(Syroid et al., 1999) would increase their susceptibility to 
apoptosis. 

Our results also suggest an alternative mechanism by which the 
cells could die. Schwann cells upregulate their p75 expression and 
production of NGF after axotomy (Lindholm et al., 1987; Lemke 
and Chao, 1988; Taniuchi et al, 1988), This could facilitate the 
presentation of NGF to regenerating axons (Taniuchi et al., 
1988). In this context, Schwann cells that fail to make a viable 
contact with the regenerating axons and subsequently fail to 
present NGF to them could be eliminated via continued activa- 
tion of p75, even if Bcl-2 expression is maintained. Early and 
robust invasion of macrophages is also a feature in peripheral 
nerve injury and has been hypothesized to contribute to periph- 
eral nerve degeneration (Franzen et al., 1998). Macrophages, like 
Schwann cells, can release NGF, and it is of note that microglia- 
derived NGF induces apoptosis in embryonic chick retinal neu- 
rons (Frade et al., 1996; Frade and Barde, 1998). Thus it is 
possible that infiltrating macrophages contribute to the induction 
of Schwann ceil death. This could be useful in the killing of 
supernumerary Schwann cells, but if unchecked could lead to 
excessive cell death and thus limit peripheral nerve repair. A 
potential role of NGF in mediating Schwann cell death could have 
important implications for the ongoing clinical trials in which 
NGF is being assessed as a potential therapeutic agent for pe- 
ripheral neuropathies (Rogers, 1996; Apfel et al., 1998). 

Little is known about the intracellular pathways that mediate 
p75-induced apoptosis, although the molecular events that signal 
downstream of the related molecule TNFR have been investi- 
gated extensively (Ashkenazi and Dixit, 1998). Regulation of 
transcription factor expression is likely to be implicated, because 
inhibition of both NF-kB and JNK/APl pathways sensitizes cells 
to apoptosis induced by TNF (Beg and Baltimore, 1996; Roulston 
et al., 1998). Moreover, aspartyl-glutamyl-valyl-aspartyl (DEVD)- 
specific caspases appear to participate in TNF-mediated apopto- 
sis only when NF-kB is inhibited (Wang et al., 1998). Overex- 
pression of Bcl-2 in PC12 neuronal cells has been shown to block 
INK activation caused by growth factor withdrawal (Park et al., 
1996). It remains to be investigated whether blockade of JNK (or 
NF-kB) also occurs in Bcl-2-expressing Schwann cells and 



whether this inhibition increases the susceptibility to p75- 
mediated cell death. 
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Summary 

The neurotrophin receptor p75 is induced by various 
injuries to the nervous system, but its role after Injury 
has remained unclear. Here, we report that p75 is re- 
quired for the death of oligodendrocytes following spi- 
nal cord Injury, and its action is mediated mainly by 
proNGF. Oligodendrocytes undergoing apoptosis ex- 
pressed p75, and the absence of p75 resulted in a 
decrease in the number of apoptotic oligodendrocytes 
and Increased survival of oligodendrocytes. ProNGF 
is likely responsible for activating p75 In vivo, since 
the proNGF from the injured spinal cord induced apo- 
ptosis among p75+'+, but not among p75"'", oligoden- 
drocytes in culture, and its action was blocked by 
proNGF-specific antibody. Together, these data sug- 
gest that the role of proNGF is to eliminate damaged 
ceils by activating the apoptotic machinery of p75 after 
injury. 

Introduction 

it has been recently discovered that unprocessed NGF 
precursor, proNGF, binds p75 preferentially over TrkA, 
and this selective binding of proNGF to p75 leads to 
apoptotic death of cells that express both TrkA and p75 
(Lee et al., 2001). Mature NGF, on the other hand, binds 
and activates both receptors, which results in promotion 
of cell survival due to the TrkA-mediated survival signal 
overriding p75-mediated apoptotic signal (Yoon et al., 
1998; Friedman, 2000; Hanington et al., 2002). Before 
the discovery of an independent function for proNGF, 
p75 was thought to activate its apoptotic program when 
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TrkA was not expressed in a cell. With the finding that 
proNGF can activate p75 regardless of the presence of 
TrkA, the ratio of proNGF to mature NGF now emerges 
as a critical regulatory factor for the maintenance of the 
balance between survival and death (Chao and Both- 
well, 2002). 

In vivo, p75 is often induced by an injury or a disease 
state among neurons, oligodendrocytes, or Schwann 
cells. p75 expression was induced in dying neurons fol- 
lowing seizure (Roux et al., 1999), ischemia (Park et 
al., 2000), excitotoxic agents (Oh et al., 2000), axotomy 
(Giehl et al., 2001), and in cortical neurons following 
experimental allergic encephalomyelitis (Calza et al., 
1997; Nataf et al., 1998). In the white matter plaques 
of multiple sclerosis patients, p75 induction was also 
observed among oligodendrocytes and their precursors 
(Chang et al., 2000; Dowling et al., 1999). In neonatal 
Schwann cells, p75 has been shown to play a death- 
inducing role following axotomy (Syroid et al., 2000). In 
the CNS, however, the consequence of this induced p75 
expression has been unclear. Induction of p75 could be 
one of the first steps that initiate the apoptotic cascade 
after injury, or it may signify regenerative responses 
undertaken by the injured system, perhaps in coopera- 
tion with resident Trks. 

It is well established in the literature that neurotro- 
phins are induced or their level is greatly increased by 
pathological conditions that are known to cause induc- 
tion of p75 (Bengzon et al., 1992; Donovan et al., 1995; 
Heumann et al., 1987; Widenfalk et al., 2001). The recent 
discovery of the functionality of proNGF leads to the 
prediction that the presence or absence of pro neuro- 
trophins under injury conditions will determine whether 
activation of p75 Induction will lead to a proapoptotic 
or anti-apoptotic response. For instance, in Alzheimer's 
patients, the level of proNGF is increased (Fahnestock 
et al., 2001), suggesting a possible role for p75 in Alzhei- 
mer's disease. Induction of p75 among cortical neurons 
in Alzheimer's patients has been reported (Mufson and 
Kordower, 1992). 

In this report, we investigated whether expression of 
p75 and proNGF is responsible for injury-mediated apo- 
ptosis of oligodendrocytes In vivo, using spinal cord 
injury as an injury model. As one of the secondary events 
triggered by the initial spinal cord injury, oligodendro- 
cytes undergo apoptosis (Crowe et al., 1997), and the 
presence of apoptotic oligodendrocytes was shown to 
correlate closely with lesion extension along fiber tracts 
undergoing Wallerian degeneration after spinal cord in- 
jury (Shuman et al., 1 997). The death of oligodendrocytes 
might contribute to chronic demyelination, resulting in 
spinal cord dysfunction (Beattie et al., 2000; Blight, 1 993; 
Crowe et al., 1 997; Li et al., 1 996; Liu et al., 1 997; Shuman 
et al., 1997; Wanden et al., 2001). Although the temporal 
and spatial pattems of oligodendrocyte death have been 
well characterized in a numt>er of studies (reviewed in 
Beattie et al. , 2000; Warden et al. , 2001 ), the mechanisms 
by which oligodendrocytes die during Wallerian degen- 
eration is unknown. 

Here, we report that p75 and proNGF are both induced 
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following spinal cord injury. p75 expression was specifi- 
cally induced among oligodendrocytes, and the majority 
of p76'^ cells was positive for cleaved caspase 3, sug- 
gesting that they were undergoing apoptosis. Corollary 
to these data, the number of cleaved caspase 3^ oligo- 
dendrocytes was reduced after spinal cord injury in the 
absence of p75. Likewise, the absence of p75 permitted 
survival of oligodendrocytes under conditions that 
would otherwise lead to apoptosis both In vivo and In 
vitro. In addition, we demonstrate that proNGF present 
in the extracts from the injured spinal cord is active in 
inducing apoptosis among oligodendrocytes, while its 
action can be blocked by a proNGF-specific, but not 
proBDNF-specifIc, antibody. Together, these results 
support the hypothesis that a consequence of p75 ex- 
pression after injury is, in part, to eliminate damaged 
cells in the CNS, and its activation is mediated predomi- 
nantly by proNGF. 

Results 

Temporal and Spatial Conflation between Apoptotic 
Profile and Actual Loss of Oligodendrocytes 
after Spinal Cord Injury 

Although the presence of apoptotic oligodendrocytes 
has been documented after spinal cord injury (Crowe 
et al., 1997), it has not been determined whether this 
results in significant cell loss, which could potentially 
contribute to eventual demyelination. To address this 
question, we performed thoracic spinal cord contusion 
lesions on rats and assessed the changes in the number 
of oligodendrocytes in regions rostral and caudal to the 
lesion center at 5, 8, 21 , and 42 days after the injury. 
The oligodendrocytes were identified by CC1/APC im- 
munoreactivity (Bhat et al., 1996; Crowe et al., 1997; 
Rosenberg et al., 1 999). At the fifth day postinjury, there 
was a small reduction in the number of oligodendrocytes 
in the dorsal columns, but by the eighth day postinjury, 
the extent of reduction reached 30%-50% throughout 
the four sampled regions (Figure 1). The greatest reduc- 
tion, which was approximately 50%, was found in the 
dorsal columns rostral to the injury center. Previously, 
the number of apoptotic cells was found to be highest 
in this region (Crowe et al., 1997), indicating a spatial 
correlation between the number of apoptotic cells and 
the loss of oligodendrocytes. Temporally, the greatest 
loss in oligodendrocytes was found at the eighth day 
postinjury, which also coincides with the time when the 
number of apoptotic cells reached its peak (Crowe et 
al., 1997). This temporal and spatial correlation between 
the extent of apoptosis and actual cell loss indicates 
that apoptosis in oligodendrocytes after spinal cord in- 
Jury leads to the eventual loss of oligodendrocytes. 

Spinal Cord Injury-Specific Induction of p75 
among Oligodendrocytes 

It has been shown that the presence of p75 is required 
for the NGF-dependent death of oligodendrocytes in 
culture (Hanington et al., 2002). In addition, p75 expres- 
sion has been observed in the white matter plaques of 
multiple sclerosis patients (Chang et al., 2000; Dowling 
et al., 1999) and near the lesion epicenter following spi- 
nal cord injury (Brandoli et al., 2001 ; Casha et al., 2001 ; 
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Figure 1. Spinal Cord Injury Leads to a Loss of Oligodendrocytes 
Contusion injury in rats leads to a loss of oligodendrocytes. Esti- 
mated total number of oligodendrocytes within the confines of the 
rat dorsal columns at 7 and 1 3 mm rostral and 7 and 1 3 mm caudal 
to a contusion lesion at spinal level T1 0 (25 mm, NYU device). Counts 
were made using a stereology program (see Experimental Proce- 
dures). An approximate 50% reduction in numbers was seen after 
8 and 21 days with significant reductions continuing to 42 days (p < 
0.05). Similar results were obtained when measuring the density 
(numt)er per mm'). 



Reynolds et al., 1991). We asl^ed whether spinal cord 
injury induces p75 expression among oligodendrocytes 
and whether its expression correlates with the observed 
pattern of cell loss in the dorsal columns after spinal 
cord injury. Contusion injuries were performed on rats, 
and the presence of p75 was determined at various time 
points after spinal cord injury by performing Western 
analyses using 5 mm spinal cord blocks taken from the 
lesion centers, as well as from regions rostral and caudal 
to the central samples. p75 expression was not detected 
in sham-operated animals, but first observed at 5 days 
postinjury, continuing to 8 days postinjury (Figure 2A). 
This temporal expression pattern of p75 correlates 
closely to the actual loss of oligodendrocytes (compare 
with Figure 1). It should be noted that there was very 
little p75 protein detected In sham-operated animals, 
although sensory neuron projections Into the spinal cord 
are known to contain p75 in their terminals (Richardson 
and Riopelle, 1 984). This may be due to a low level of 
p75 present in these fibers. Taniuchi et al. (1988) have 
reported that ^^^l-NGF binding in the spinal cord was 
less than 5% of the level found in the periphery. Our 
Western data agree with this observation and also with 
a report that demonstrated low levels of p75 in the adult 
spinal cord, except among motor neurons during devel- 
opment or after axotomy (Emfors et al., 1989). 

Since p75 expression correlates with oligodendrocyte 
loss temporally, we tested whether oligodendrocytes 
express p75 upon spinal cord injury by performing im- 
munohistochemistry. Similarty to the Western data, p75^ 
cells were mainly found at 8 days postinjury in the dorsal 
funiculus, although we also observed some positive 
cells at 48 hr postinjury (data not shown). These p75'^ 
cells were positive for CC1/APC, indicating that oligo- 
dendrocytes in the dorsal funiculus expressed p75 (Fig- 
ure 2B). p75 expression was not observed In sham- 
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activated among oligodendrocytes at 8 days postinjury. 
If so, this would suggest that the induction of apoptosis 
among oligodendrocytes is continuous, rather than initi- 
ated at a given point and then ceasing. As shown In 
Figure 3B, the majority of oligodendrocytes in the dorsal 
funiculus was positive for active caspase 3 stain, even 
at 8 days postinjury. The number of oligodendrocytes 
positive for active caspase 3 was much reduced in 
sham-operated animals. Together with the data for p75 
and active caspase 3, these results suggest that p75^ 
oligodendrocytes undergo apoptosis continuously after 
spinal cord injury. 
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Figure 2. Spinal Cord Injury-Specific Induction of p75 among Oligo- 
dendrocytes 

(A) Injury-specific induction of p75 In rats after contusion injury. A 
5 mm spinal cord block was taken from rostral (R), caudal (0), as 
well as from the injury epicenter (L) at the Indicated times after Initial 
Injury and processed for anti-p75 Western. The data are from a 
representative Western blot, and the same paftem was observed 
from five independent sets of samples. The lysates from 293 cells 
transfected with vector (GFP) or rat-p75 cDNA (HA-p75) were used 
as a negative or positive control, respectively. The same blot was 
reprobed for actin as a negative control. 

(B) Oligodendrocytes express p75 after spinal cord injury. Colocali- 
zation of CC1 and p75 in the dorsal column region 13 mm rostral 
to the injury epicenter and 8 days after the lesion. The anrows point 
to CGI Vp75^ ceils. Scale bar, 12.5 \Lm. 



operated animals, as was also the case with Western 
analyses (Figure 2A). Together, these results indicate 
that p75 expression is induced among oligodendrocytes 
in a manner specific to spinal cord injury, and its tempor- 
alexpression profile correlates with actual loss of oligo- 
dendrocytes. 

Majority of p75* Oligodendrocytes Are Apoptotic 
The temporal course of p75 expression correlated with 
the loss of oligodendrocytes and the apoptotic profile 
previously reported after spinal cord injury (Crowe et 
al., 1997). We therefore tested whether p75^ cells were 
undergoing apoptosis by measuring caspase 3 activa- 
tion. For this, the sections taken from 8 days postinjury 
were processed for double immunohistochemistry for 
p75 and active caspase 3. In injured animals, the major- 
ity of p75^ cells were also positively stained with active, 
cleaved caspase 3 antibody (Figure 3A). In sham-oper- 
ated animals, the number of cells positive for active 
caspase 3 was much smaller than in injured animals, 
and no cells double-positive for p75 and active caspase 
3 were observed. 

A spinal cord injury-mediated increase in caspase 3 
activity in oligodendrocytes has been reported, but only 
up to 2 days postinjury (Springer et al., 1999). Since the 
greatest loss of oligodendrocytes is observed from 5 
days postinjury, we asked whether caspase 3 was still 



p75 is Required for the Apoptosis of Spinal Cord 
Oligodendrocytes in Culture 

We next tested whether ligand-dependent activation of 
p75 is necessary for apoptosis of spinal cord oligoden- 
drocytes. As the first step, we investigated whether the 
absence of p75 would render spinal cord oligodendro- 
cytes resistant to NGF-dependent apoptosis by cultur- 
ing the spinal oligodendrocytes from p75^'+ and p75"'" 
mice. In culture, spinal cord oligodendrocytes taken 
from postnatal day (P)12-14 pups expressed p75, as 
did their cortical counterparts (data not shown; Harring- 
ton et al., 2002). When NGF purified from the submaxil- 
lary gland (Harian Bioproducts for Science) was added 
to p75^'^ oligodendrocytes at 1 00 ng/ml for 4-48hr, the 
proportion of TUNEL^ and MBP+ cells increased to 24% 
from a basal level of 2% (Figure 4B). Among p75"'~ 
oligodendrocytes, however, for the entire period of NGF 
treatment, the proportion of TUNEL^ and I^BP^ cells 
remained the same as for those left untreated. A repre- 
sentative picture is shown In Figure 4A. These data 
therefore indicate that p75 is required for NGF-depen- 
dent apoptosis in spinal cord oligodendrocytes in 
culture. 

p75 Plays a Critical Role for Apoptosis 
of Oligodendrocytes after Spinal Cord injury 
As the second step, we investigated whether p75 is 
required for apoptosis of oligodendrocytes in vivo by 
injuring the spinal cord in p75'^''^ and p75~^'^ mice. After 
spinal cord injury, mouse oligodendrocytes express p75 
in the dorsal column, as their rat counterparts do (Figure 
5A, left). For spinal cord injury in mice, dorsal hemisec- 
tion was chosen as our method instead of contusion, 
since hemisection also induces axon degeneration and 
subsequent oligodendrocyte death without the potential 
complications associated with a temporally expanding 
contusion injury in the smeill mouse spinal cord. Two 
different approaches were taken to assess the role of 
p75 following spinal cord hemisection. One was to mea- 
sure the extent of oligodendrocyte survival (Figure 5B), 
and the other was to measure the extent of oligodendro- 
cyte apoptosis (Figure 50) in the absence of p75. The 
extent of oligodendrocyte survival was first determined 
by estimating the density of the CGI ^ cells per mm^, 
using sections taken from 1 .8 mm and 1 .2 mm rostral 
and 1.2 mm and 1.8 mm caudal to the injury epicenter 
on the eighth day following spinal cord injury (Figure 
5B). Following hemisection, the density of oligodendro- 
cytes in the dorsal columns dropped 51 % from 39,600 
to 19,500 per mm^ in p75'^''^ mice, while it dropped 36% 
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Figure 3. p75^ Oligodendrocytes Are Positive for Active Caspase 3 

(A) Colocaiization of p75^ and active caspase 3 in the rostral region at 8 days after spinal cord injury. The arrows point to cells that are 
positive for both. 

(B) Colocaiization of CCI^ and active caspase 3 In the rostral region at 8 days after spinal cord injury. The arrows point to cells that are 
positive for t>oth. Scale bar, 12.5 tim. 



from 42,600 to 27,100 per mm^ in p75"'" mice. This 
result indicates that the lack of p75 resulted in a 15% 
increase in oligodendrocyte survival. 

As the CCI cell counts include mainly the healthy 
surviving cells, it is likely that the density estimation 
does not fully represent the extent of protection in the 
absence of p75. For this reason, we examined the num- 
ber of apoptotic oligodendrocytes in p75+'+ and p75"'" 
mice at 5 days postinjury. As a marker for apoptosis, 
we stained sections with cleaved caspase 3 in addition 
to CCI . A representative picture is shown in Figure 5A 
(right). The average number of CC1 ^/cleaved caspase 
3^ cells in the dorsal columns was 229 per section in 
p75^'^ mice, while it was 1 55 in p75~'~ mice, represent- 
ing a 32% reduction in the number of apoptotic oligo- 
dendrocytes in the absence of p75 (Figure 5C). The 
extent of protection assessed by cleaved caspase 3 is 
higher than the estimation of surviving oligodendro- 
cytes, since the staining of cleaved caspase 3 allows 
detection of oligodendrocytes that are at an early stage 
in the apoptotic process. Together, these data indicate 
that p75 is one of the critical components for inducing 
apoptosis of oligodendrocytes following spinal cord 
injury. 

Spinal Cord Injury-Mediated Production 
of ProNGF Is Responsible for the Death 
of Oligodendrocytes 

What is activating p75 to elicit apoptotic programs in 
vivo? It has been known that NGF expression is strongly 
induced among astrocytes, activated microglia, and me- 
ningeal cells in the spinal cord by spinal cord injury in 
the rat (KrBnz and Weaver, 2000; Widenfalk et al., 2001). 
Since neurotrophins are known to be present in pro 
forms in many brain tissues (Chao and Bothwell, 2002) 
and in the case of proNGF its expression is increased 



in Alzheimer's patients (Fahnestock et al., 2001), we 
decided to examine the profiles of neurotrophin expres- 
sion in our spinal cord injury paradigm. BDNF and NT3 
were present in pro forms as reported (Lee et al., 2001), 
based on the predicted size, but no significant increase 
was detected in the amount of pro or mature forms of 
BDNF or NT3 produced after spinal cord injury (Figure 
6A). The lack of induction of BDNF was further confirmed 
using proBDNF-specific antibody, which produced simi- 
lar results to those shown In Figure 6A (data not shown). 
In contrast, NGF expression was strongly induced In a 
manner specific to spinal cord injury based on Western 
analyses, using an anti-mature-NGF antibody (Figure 
6A). The size of induced proteins that are detected with 
anti-mature-NGF antibody (14 kDa, 24-32 kDa) suggests 
that both mature and proNGF are induced in rats, but 
the extent of induction of proNGF is greater than that 
observed with mature NGF (Figure 6A). Interestingly, 
only proNGF and not mature NGF was induced following 
spinal cord injury in mice (Figure 6A). This may be due 
to species differences, or it may represent the difference 
in the type of injury inflicted, that is, contusion lesion in 
rats versus hemisection in mice. 

To confirm that the high-molecular weight bands are 
indeed proNGF, we utilized proNGF-specific antibody. 
ProNGF antibody was generated using a 51 amino acid 
sequence present in the pro domain of NGF (See Experi- 
mental Procedures for details). The specificity of this 
proNGF antibody was tested both in biochemical and 
biological assays. In Westem analyses and in immuno- 
depletion assays, the proNGF antibody detects only re- 
combinant, cleavage-resistant proNGF, and not recom- 
binant mature NGF (Figures 6C and 6D). In a functional 
assay using oligodendrocytes, the antibody blocks the 
apoptotic action of recombinant proNGF, but not that 
of recombinant mature NGF (Figure 7D). These results 
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Rgure 4. Mouse Oligodendrocytes Fail to Die in Culture In the Ab- 
sence of p75 

(A) A representative picture of MBP+ cells counted for data in Figure 
4B. After 6 days in culture, cells were treated with purified mature 
NGF at 100 ng/ml. At the amounts of time indicated in Figure 4B, 
cells were fixed, stained for TUNEL, then subsequently for MBP. 
The arrows point to TUNEL^ cells in the field. Scale bar, 20 fim. 

(B) Quantification of TUNEL^ MBP+ cells following purified NGF 
treatment at 1 00 ng/ml. The quantification data are from six indepen- 
dent experiments, with 80-120 cells counted in each experiment, 
for a total of 480-720 ceils counted. 



confirm that the proNGF antibody specifically detects 
and binds proNGF, but not mature NGF. When the rat 
lysates containing both proNGF and mature NGF were 
subjected to immunoprecipitation using this proNGF- 
specific antibody, only high-molecular weight bands of 
26-32 IcDa were detected and not the band of 14 kDa 
(Rgure 68, top). Similar data were obtained with mouse 
lysates as well (Figure 6B, bottom). In addition, when 
both the rat and mouse lysates were subjected to immu- 
nodepletion using the proNGF antibody, these high- 
molecular weight bands were no longer detected, while 
the undepleted samples demonstrated Immunoreactive 
species of 26-32 kDa in Westem analyses (Figure 6B). 
These data therefore confirm that the high-molecular 
weight bands of 26-32 kDa are proNGF. 

We next investigated whether proNGF present in the 
spinal cord extracts activates p75. Since only proNGF 
and not mature NGF was induced in mice after spinal 
cord injury, we used mouse extracts obtained after spi- 
nal cord injury as a source of proNGF in functional 
assays using p75^'^ and p75~'~ mouse oligodendro- 
cytes. When the spinal cord injury extracts were added 



at 0.14 jjul (350 ng total protein added in 1 ml media) to 
p75^'^ mouse oligodendrocytes for 24 hr, the proportion 
of TUNEL+ and MBP+ cells reached 17%, while it re- 
mained at 4% with extracts from sham-operated mice. 
With p75'*'~ mouse oligodendrocytes, the proportion of 
TUNEL"^ and MBP+ cells remained below 4% (Figure 
7A). This 17% value is very close to that obtained on 
p75'*^^^ mouse oligodendrocytes using 1 00 ng/ml (4 nM) 
of NGF purified from submaxillary gland (Figure 4B). 
Based on estimation using purified mature NGF as a 
control in Westem analysis, 0.1 4 of mouse extracts 
contains approximately 10-20 ng of proNGF (0.15-0.30 
nM) in proNGF concentration. This represents approxi- 
mately a 13- to 26-fold increase in the action of proNGF 
on p75 compared to mature NGF, which is comparable 
to that reported for smooth muscle cells (Lee et al., 
2001). 

We next compared the activity of proNGF in the spinal 
cord extracts to that of recombinant proNGF and recom- 
binant mature NGF in oligodendrocytes. Generation and 
purification of recombinant, cleavage-resistant proNGF 
and comparably purified mature NGF were previously 
described (Lee et al., 2001 ). Within an estimated concen- 
tration range from 0.05 nM to 0.5 nM, proNGF in the 
spinal cord extracts induced apoptosis comparably to 
recombinant proNGF and more effectively than that ob- 
served with recombinant mature NGF (Figure 7B). These 
results therefore suggest that the apoptotic factor pres- 
ent in the injured spinal cord acts via p75, and its dose 
response suggests that the activity reflects a proneuro- 
trophin. 

In order to confirm that the activity was due to proNGF, 
we preincubated the injured spinal cord extracts with 
preimmune serum, anti-mature-NGF antibody, proNGF- 
specific antibody, or proBDNF-speclfic antibody before 
they were added to oligodendrocytes. The specificity 
of proNGF antibody was discussed eariier. ProBDNF- 
specific antibody was generated using peptide se- 
quences present in the pro domain of BDNF in a manner 
similar to proNGF antibody (see Experimental Proce- 
dures for detail). In Westem analyses, proBDNF anti- 
body detects only proBDNF and not mature BDNF (Fig- 
ure 6C). As a negative control, parallel cultures were 
treated with extracts from sham-operated mice, while 
cells treated with purified NGF from the submaxillary 
gland (Harian Bioproducts for Science) were used as a 
positive control for the antibody action. The extent of 
apoptosis was assessed after 24 hr and is expressed 
in tenns of the fold increase observed in TUNEL*** and 
MBP+ cells over that observed with samples treated 
with the individual antibody alone (Figure 7C). The extent 
of apoptosis in cells treated with spinal cord injury ex- 
tracts was significantly attenuated with proNGF-specific 
antibody as well as anti-mature-NGF antibody. Preim- 
mune serum or proBDNF-specific antibody did not have 
any effect. 

ProNGF-specific antibody was also effective in atten- 
uating the extent of apoptosis of cells treated with puri- 
fied NGF. NGF purified from the submaxillary gland has 
been reported to contain proNGF, which we confirmed 
(Reinshagen et al., 2000; Figure 7C, bottom). The extent 
of apoptosis mediated by submaxillary gland derived 
NGF typically ranges from 5- to 7-fold above control in 
oligodendrocytes (Figure 4; Harrington et al., 2002). In 
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Figure 5. Increased Survival and Decreased 
Apoptosis of Oligodendrocytes after Spinal 
Cord Injury in p75~'~ Mice 

(A) Left: induction of p75 among oligodendro- 
cytes in mice after hemisection. Scale bar, 
12.5 ^m. Right: representative pictures of 
cells stained for cleaved caspase 3 and CC1 
at 5 days postinjury. The arrows point to cells 
that are stained for both antibodies. Note the 
decrease in the number of CC1 ^/cleaved cas- 
pase 3' cells in p75~'~ mice. Scale bar, 
20 Jim. 

(B) The loss of oligodendrocytes is attenuated 
in the dorsal funiculus of p75~'~ mice after 
dorsal hemisection (p < 0.05). The number Is 
presented as the density of oligodendrocytes 
per mm^. Counts were made using a stereol- 
ogy program. 

(C) Reduction in the number of oligodendro- 
cytes expressing active caspase 3 in p75~^~ 
mice after dorsal hemisection (p < 0.01). The 
number represents average cell counts in the 
dorsal columns per coronal section of the spi- 
nal cord. 



the presence of proNGF antibody, the extent of apopto- 
sis was reduced to 2-fold above control (Figure 7C). This 
result suggests that proNGF present in submaxillary 
gland preparations is largely responsible for Its apo- 
ptotic action, although it comprises only 2%-6% of total 
NGF. To directly compare the effects of mature NGF and 
proNGF, recombinant preparations were utilized (Lee et 
al., 2001) where the mature NGF preparations contained 
less than 2% proNGF. Utilizing these reagents, mature 
NGF can induce apoptosis of oligodendrocytes but less 
effectively than proNGF: 0.5 ng/ml of recombinant 
proNGF yielded 23% apoptosis, whereas 50 ng/ml re- 
combinant mature NGF yielded 17% apoptosis (Figure 
7D). These results, together with the observed Inability 
of proNGF antisera to reduce the apoptosis induced by 
mature NGF (Figure 7D), suggest that although both 
proNGF and mature NGF are each capable of inducing 
apoptosis, proNGF Is more active than mature NGF in 
inducing oligodendrocyte cell death. Together, these 
results indicate that proNGF present In the spinal cord 
injury extracts was largely responsible for Inducing apo- 
ptosis in oligodendrocytes in culture. In addition, these 
data strongly suggest that proNGF is most likely a factor 
responsible for inducing apoptosis in vivo after spinal 
cord injury. 

Discussion 

In this report, we present data that support a physiologi- 
cal role of proNGF in p75-mediated apoptosis after spi- 
nal cord Injury. The temporal induction of p75 correlates 
with the loss of oligodendrocytes following spinal cord 



injury. Consistent with these observations, In p75"^" 
mice after spinal cord injury, there is both a reduction 
in the number of cleaved caspase 3^ oligodendrocytes 
and an increase in the number of surviving oligodendro- 
cytes, indicating a predominantly proapoptotic role for 
p75 activation following Injury. We further demonstrated 
that this apoptotic action of p75 is likely to be mediated 
by proNGF in vivo by showing that proNGF in extracts 
from the injured spinal cord induces apoptosis of oligo- 
dendrocytes in culture at an affinity comparable to that 
exhibited by purified, recombinant, cleavage-resistant 
proNGF. Together, these data provide strong evidence 
for the apoptotic role of p75 and proNGF after injury to 
the spinal cord. 

Proapoptotic Role of p75 following Injury In Vivo 
Injury-mediated Induction of p75 In the CNS has been 
well documented in the literature (Calza et al., 1997; 
Koliatsos et al., 1 991 ; Nataf et al., 1 998; Park et al., 2000; 
Reynolds et al., 1 991 ; Roux et al., 1 999). The role of p75 
under these circumstances, however, had not yet been 
cleariy determined in vivo. The present report provides 
direct evidence that p75 plays a proapoptotic role in 
oligodendrocyte cell death after spinal cord injury. Oli- 
godendrocytes in the spinal cord express significant 
levels of p75 in response to spinal cord injury and, in 
p75^'" mice, their apoptosis is attenuated while their 
survival is enhanced. 

The proapoptotic role of p75 in oligodendrocytes in 
vivo was further supported by our spinal cord oligoden- 
drocyte culture data. Like their cortical counterparts, 
spinal cord oligodendrocytes express p75 in culture. 
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Figure 6. Spinal Cord Injury-Specific Induction of ProNGF 

(A) HIgh-moiecular weight NGF is predominantly induced after spinal cord injury. 30 M-g of extracts were analyzed at each time point in Western 
analyses for NGF (Chemlcon), BDNF (Promega), and NTS (Promega). The extracts were prepared from rostral 5 mm (rats) or 3 mm (mice) 
blocks from the lesion center, but the pattern of NGF expression did not vary whether the sample was taken caudally or from the lesion 
center. The arrow indicates the position of recombinant BDNF and NT3, which were used at 250 ng as a control for antibody specificity. The 
star points to purified NGF being weakly recognized by anti-BDNF antibody. 

(8) The high-molecular weight NGF is proNGF. 350 ^g of lysates was immunoprecipitated with proNGF antibody, and probed with anti-mature- 
NGF antibody (Chemlcon). The bands at 26-32 KDa disappear almost completely following depletion with proNGF antibody, indicating that 
these bands are proNGF (compare lanes dep and undep). Although not shown, mature NGF is present in undepteted rat samples in longer 
exposure. 

(C) Specificity of proNGF and proBDNF antibodies. Western blot of 50 ng of mature NGF (Harlan Bioproducts for Science), 50 ng of mature 
BDNF (Promega). 50 \lq of lysate from 293 cells stably expressing cleavage resistant proNGF, and 250 ng of supernatant from 293 cells 
infected with cleavage-resistant adenoviral proBDNF. A set of pro and mature NGF was probed with ami-pro/mature NGF antibody (Cedartane) 
and proNGF antibody, and a set of pro and mature BDNF was probed with anti-mature-BDNF (Santa Cruz) and anti-proBDNF antibody. 

(D) ProNGF antibody depletes proNGF, but not mature NGF. Recombinant proNGF (lanes 1 and 2) or recombinant pro and mature NGF (lanes 
3 and 4) were subjected to immunodepletlon using proNGF antibody. Note that proNGF amibody depletes only proNGF, but not mature NGF 
(compare lanes 3 and 4). 



and NGF binding to p75 leads to apoptosis in the ab- 
sence of Trl^. Spinal cord oligodendrocytes do not ex- 
press TrkA either in culture or in vivo (data not shown). 
Although it is not clear whether p75 is expressed in 
cortical oligodendrocytes in vivo, it has been argued 
that culture conditions represent a stress situation that 
models in vivo injury. In support of this contention, p75 
was shown to activate an Injury-specific JNK3 in cortical 
oligodendrocyte cultures (Ham'ngton et al., 2002). Our 
current finding, that injury induces p75 among oligoden- 
drocytes in the spinal cord and that these cells also 
express p75 in culture and die upon binding NGF, pro- 
vides in vivo evidence in support of this contention. 

Although the absence of p75 was fully protective of 
spinal cord oligodendrocytes in culture, its effect in vivo 



was not complete. These observations suggest that p75 
is but one contributing factor in vivo where other factors 
and molecules are also Involved. Likely candidates in- 
clude cytokines, such as TNFa, and excitatory amino 
acids (Beattie et al., 2000; McDonald et al., 1998). The 
analyses of TNF receptor knockout mice suggest that 
TNFa plays a protective role by activating NF-kB path- 
ways after spinal cord injury (Kim et al., 2001). This result 
differs from previous reports where TNFa induced apo- 
ptosis of oligodendrocytes in culture (Hisahara et al., 
1997; Ladiwala et al., 1998; Louis et al., 1993). When 
TNFa was applied to dorsal columns, It failed to induce 
apoptosis among oligodendrocytes (Schnell et al., 
1999). When applied together with sublethal doses of 
kainic acid, however, TNFa induced rapid, massive cell 
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Figure 7. ProNGF Present in Injured Mouse 
Spinal Cord Extracts Is Active in p75-Medi- 
ated Apoptosis of Oligodendrocytes in 
Culture 

(A) p75 is required for apoptosis mediated by 
the injured spinal cord extracts. Extracts from 
sham-operated or injured mouse spinaJ cord 
extracts were added to either p75+'^ or 
p75~'~ mouse oligodendrocytes. After 24 hr, 
cells were processed for TUNEI^BP stain 
as described. For quantification of apoptotic 
cells, 1 50-200 cells were counted in each of 
two to four independent experiments to yield 
the total cell count of 300-800. 

(B) ProNGF in the injured spinal cord extracts 
behaves similarly to recombinant, cleavage- 
resistant proNGF in its affinity to induce apo- 
ptosis of oligodendrocytes. The concentra- 
tion of proNGF in the extracts was estimated 
when added to 1 ml media. After 24 hr, cells 
were processed for TUNEiyMBP staining as 
described. For quantification of apoptotic 
cells, 250-350 celts were counted in each of 
three independent experiments to yield the 
total cell count of 750-1050. Abbreviations: 
rec pNGF, recombinant, cleavage-resistant 
proNGF; SCI, spinal cord Injury extracts; rec 
mNGF, recombinant mature NGF. 

(C) ProNGF present in the spinal cord Injury 
extracts is responsible for apoptosis of oligo- 
dendrocytes. Top: the data are represented 
In terms of the fold increase in the proportion 
of TUNEL^ MBP+ cells compared to that with 
the samples treated with individual antibody. 
The death mediated by the spinal cord injury 
extract is significantly attenuated with Chem- 
icon anti-NGF and proNGF antibodies, but 
not by preimmune serum or proBDNF anti- 
body. The cells treated with purified NGF (Harian Bioproducts for Science) were used as a positive control. For quantification of apoptotic 
cells, 250-350 cells were counted in each of three independent experiments to yield the total ceil count of 750-1050. Bottom: purified NGF 
from Harian contains proNGF. 

(D) Functional specificity of proNGF antibody. Rat oligodendrocytes were treated with 50 ng/ml of purified, recombinant mature NGF or 0.5 
ng/ml of purified, recombinant, cleavage-resistant proNGF in the presence of either preimmune serum or anti-proNGF antibody. After 24 hr, 
ceils were processed for TUNEiyMBP staining as described. For quantification of apoptotic cells, 200-300 ceils were counted in each of three 
independent experiments to yield the total cell count of 600-900. Note that Isoth proNGF and mature NGF can induce apoptosis, but proNGF 
is at least 50-fold more active than mature NGF. 
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death in the spinal cord gray matter (Hermann et a!., 
2001 ). These results suggest that induction of secondaiy 
injury is likely to involve interactions among multiple 
pathways. In this report, we identify the p75 neuro- 
trophin receptor as a key player in the downstream apo- 
ptotic cascade that could lead to functional loss follow- 
ing spinal cord injury. 

In culture, p75~^~ mouse oligodendrocytes were resis- 
tant to the cell killing effect of the injured spinal cord 
extracts. This seems surprising, since spinal cord injury 
induces expression of an anxiy of potential apoptotic 
agents that act on receptors other than p75, as was 
discussed previously. A possible explanation may be 
that our culture conditions provide compensatory mech- 
anisms that result in overall protection against such in- 
sults. One potential protective reagent is insulin present 
in our serum-free media. Expression of the IGF family of 
factors has been reported to be induced among reactive 
astrocytes after spinal cord injury (Hammarberg et al., 
1998; Yao et al.» 1995a). Administration of these factors 
at the time of demyelinating injuries was known to exert 



a protective and regenerative effect (Pulford et al., 1999; 
Sharma et al., 1997; Yao et al., 1995b). 

Selective Upregulation of NGF and ProNGF 
upon Injury 

In brain extracts, NGF and BDNF were reported present 
predominantly as pro forms (Fahnestock et al., 2001 ; 
Lee et al., 2001). In the spinal cord, NT3 also exists 
mainly as 30 kDa proNTS (Figure 6). Of the three neuro- 
trophins, only NGF was induced after spinal cord injury. 
When comparing NGF and proNGF induced in rats after 
spinal cord injury, the level of proNGF is at least equiva- 
lent to or higher than the level of mature NGF. The signifi- 
cance of this preferential induction of proNGF as com- 
pared to mature NGF is not clear with regard to 
oligodendrocyte survival, as significant levels of TrkA 
are not expressed either before or after spinal cord injury 
(data not shown). In the absence of TrkA, either form 
of NGF should be capable of activating p75 to induce 
apoptosis, albeit at a different affinity (Figure 7D). Per- 
haps a different population of cells express proNGF or 
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mature NGF, or the secretion mechanism or the site of 
release for the two forms may differ (FarhadI et al.» 2000). 
These different factors are likely to affect the accessibil- 
ity of mature NGF/proNGF to p75^ oligodendrocytes. 

The NGF level has been shown to increase both in 
meningeal layer (Widenfalk et al., 2001) and also among 
astrocytes and activated microglia (Krenz and Weaver, 
2000) after spinal cord injury. Activated microglia are 
often found juxtaposed to apoptotic oligodendrocytes 
during Wallerian degeneration (Shuman et al., 1997), 
suggesting that NGF produced by microglia may acti- 
vate p75 expressed among adjacent oligodendrocytes. 
Although it is not yet known which cell types express 
proNGF after spinal cord Injury, a scenario analogous 
to what was reported In the developing retina where 
NGF secreted by microglia promoted apoptotic actions 
of p75 (Frade and Barde, 1998) may apply as well. 

In hippocampal cultures, the release of BDNF and 
NT3 required stimuli such as depolarization (Farhadi et 
al., 2000). NGF, on the other hand, was constitutively 
released both In a 32 kDa precursor fomn as well as a 
14 kDa mature form when expressed in hippocampal 
neurons (Mowla et al., 1999). Following injury, a 32 kDa 
precursor was the predominant form of NGF present in 
the spinal cord, at least after hemisection in mice. Since 
a 32 kDa precursor can be released from the cell, at 
least in culture, this result suggests that proteolytic pro- 
cessing that cleaves proNGF to mature NGF may be a 
critical step in determining the extent of oligodendrocyte 
death. In culture, proNGF is significsintly more potent 
than mature NGF in inducing apoptosis of oligodendro- 
cytes, suggesting that inhibition of the protease activity 
responsible for the conversion of proNGF to mature NGF 
can provide a potential therapeutic means following spi- 
nal cord injury. Lee et al. (2001) have identified matrix 
metailoproteinase (MMP) 3 and plasmin as a protease 
that can cleave proNGF and proBDNF in vitro. MMP 2 
and 9 expression increases following spinal cord Injury 
(de Castro et al., 2000), however, proNGF was not 
cleaved by MMP 2 or 9 in vitro (Lee et al., 2001). It is 
plausible that as yet unidentified MMPs or other prote- 
ases regulate the proteolytic processing of proNGF once 
it is released from the cell. 

In conclusion, we report that proNGF is induced by 
spinal cord Injury, and it Is likely to play a role In inducing 
apoptosis in vivo by activating p75. Activation of p75 
contributes to the demise of oligodendrocytes. The p75 
neurotrophin receptor is therefore identified as a key 
player in the downstream apoptotic cascade in second- 
ary degeneration following spinal cord injury and other 
CNS injuries. 

Experimental Procedures 
Animals Used in the Study 

Mice: two groups of p75^'^ and plS''" mice were used for the 
study. For the injury study, a congenic C57/BL6 line that carries a 
mutation in exon 3 of the p75 gene (Lee et al., 1992) was purchased 
from'the Jacl(son Laboratory (Bar Harbor, l\1E). For the culture study, 
the p75~'~ and p75^'^ mice were obtained from heterozygote mating 
as littennates. Their genotype was determined by PGR analyses of 
tail DNA according to Bentley and Lee (Bentley and Lee, 2000). 

Rats: adult female Long-Evans hooded rats were obtained from 
Simonsen Labs (Los Angeles, OA). 



Spinal Cord Injuries 

Mice were anesthetized with isofiurane and the spinal cord was 
exposed at T10. A Beaver blade was used to produce a dorsal 
hemisection of the cord, Including the dorsal columns and the dorsal 
part of the lateral funiculus. Contusion injuries in rats were made 
using the NYU device (Gruner, 1992). Under pentobarbital anesthe- 
sia, the spinal cord was exposed at T10 and a lOg weight was 
dropped from 25 mm onto the dural surface as previously described 
(Basso et al., 1 996). All procedures were approved by the Institu- 
tional Laboratory Animal Care and Use Committee and followed the 
NIH Guidelines for the proper use and care of laboratory animals. 

Perfusion 

Under deep anesthesia (80 mg/kg ketamine, Fort Dodge Animal 
Health, Fort Dodge, lA; 10 mg/kg xylazine, Vedco, Inc., St. Joseph, 
MO), rats and mice were transcardially perfused with 0.9% saline 
followed by 4% parafonnaldehyde fixative. The spinal cords were 
removed, and three adjacent blocks were cut from the cords, each 
being either 3 mm long for the mouse cords or 5 mm long for the 
rat cords. In each case, one block was centered on the lesion, and 
the others were rostral and caudal to that block. The blocks were 
sectioned at 20 (im thickness on a cryostat. 

Immunohistochemistiy 

Sections were incubated In blocking solution containing 10% goat 
serum, 10% horse serum, 1% BSA, and 0.3% Triton X-100 in 0.1 M 
PB for 2 hr at room temperature. For double-staining for p75 and 
oligodendrocyte cell bodies, the sections were incubated simultane- 
ously with an anti-p75 antibody, 9651 (Huber and Chao, 1 995), and 
CC1 antibody (Bhat et al., 1 996; Crowe et al., 1 997) in 5% goat serum, 
5% horse serum, and 0.1% BSA in 0.1 M PB at room temperature 
overnight. 9651 recognizes the extracellular domain of p75. CC1 
antibody recognizes the APC gene product, which is expressed in 
rat oligodendrocyte somata and proximal processes (Bhat et al., 
1996). Although CC1 antibody can detect GFAP*^ astrocytes, less 
than 0.5% of cells were positive for both CC1 and GFAP in our rat 
and mouse spinal cord tissue. Sections were then incubated with 
biotinylated anti-rabbit antibody (Vectorlabs) for p75 stain and an 
anti-mouse antibody conjugated to Alexa 488 (Molecular Probes) 
for CC1. P75 staining was visualized using Extravidin CyS (Sigma). 
For double-staining for p75 and active caspase 3, 192 anti-mouse 
antl-p75 antibody was used simultaneously with active caspase 3 
anti-rabbit antibody (Cell Signaling, Beverly, MA). For 192 immuno- 
staining, a biotinylated anti-mouse secondary and an anti-mouse 
antit>ody conjugated to Alexa 488 (Molecular Probes) was used, and 
for active caspase 3, an anti-rabbit secondary conjugated to Cy3 
(Jackson ImmunoResearch, West Grove, PA) was used. For double- 
staining for CC1 and active caspase 3, a biotinylated anti-mouse 
secondary and an anti-mouse antibody conjugated to Alexa 488 
(Molecular Probes) was used for CC1. Active caspase 3 was de- 
tected with anti-rabbit secondary conjugated to CyS (Jackson Im- 
munoResearch, West Grove, PA). The sections were mounted with 
Vectashield containing DAPI to label the nuclei (Vector Labs). For 
confocal microscopy, BioRad MRC 1024 attached to a Nikon Opti- 
phot-2 was used. 

For cell counts shown in Figures 1 and 5A, CC1 staining of rat 
and mouse tissues were done In the same way as the fluorescence 
staining, except that the positive staining was visualized using DAB 
and the Vectastain ABC kit (Vector Ubs). 

Cell Counts 

All the counts were done blind to mouse genotype or lesion condi- 
tion. Cell counts were made on rat and mouse coronal sections at 
a series of rostral and caudal locations relative to the contusion or 
hemisection lesions. Counts and reference volumes were estimated 
using procedures specified in the Stereologer ™ program (Systems 
Planning and Associates, Inc., Alexandria, VA). For rat contusion 
injuries, three sections were randomly sampled from 1 mm blocks 
taken from 13 and 7 mm rostral and 7 and 13 mm caudal to the 
lesion epicenter. A pilot study was run to determine the optimal 
disector size and spacing to allow for counts of at least 100 cells 
per block. CC1 positive cells were only counted when the cell body 
and proximal processes were darkly labeled and were within the 
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inclusive zone of each disector frame. Results are reported as total 
number of oligodendrocytes and as density (number per mm^}. Data 
were gathered from rats with 25 mm spinal cord injury surviving for 
5 or 8 days (n = 4/time point) or 3 or 6 weeks (n = 3/time point), 
and control uninjured rats (n = 3). Mouse CC1 ^ cells were counted 
in a similar fashion at 8 days postinjury, except that the distance 
from the lesion center sampled was 1 .2 mm and 1 .8 mm rostral (R1 
and R2) and 1 .2 mm and 1 .8 mm caudal (C1 and C2). The number 
of mice analyzed was n = 6 for p75^'+ and n = 5 for p75"'". For 
quantification of CC1 ^/active caspase 3^ cells in Figure 5B, p75^'^ 
(n = 5) and p75"'" (n = 5) mice were analyzed at 5 days postlnjury, 
using rostral 4 mm blocks. 

Primary Oligodendrocyte Cultures 

The p75 knockout and the wild-type mice were obtained from het- 
erozygote mating as littermates. For spinal cord oligodendrocytes 
(Figure 4), mouse pups at postnatal days 12-14 and for cortical 
oligodendrocytes (Figure 7), mouse pups at postnatal days 15-16 
were used. Ceil suspension obtained from the triturated tissues was 
loaded onto a 36% Percoll gradient, and oligodendrocytes were 
isolated following centrifugation at 1 0,000 g (Fuss et al., 2000; Lubet- 
zki et al., 1991). Isolated oligodendrocytes were resuspended in 
10% FBS in DMEM and plated onto poly-D-Lysine coated 4-well 
slide dishes at 0.1 x 1 0^ per well. The following day, the medium was 
changed to a differentiation medium with no serum, as previously 
described (Yoon et al., 1 998). The culture was kept for 4 days before 
NGF was added at 100 ng/ml for the indicated amount of time. 
Rat oligodendrocytes were cultured as described (Harrington et al., 
2002). 

Quantification of Apoptotic Oligodendrocytes in Culture 
For quantification of apoptotic mouse oligodendrocytes, cells were 
fixed at indicated times after NGF treatment and incubated with 
anti-myelin basic protein (MBP) antibody (Boehringer-Mannheim). 
Cells were then stained for TUN EL and processed for visualization 
of MBP stain using an anti-mouse secondary antibody conjugated 
to Alexa 488 (Molecular Probes, Eugene, OR). 

Western Analyses 

Ttie spinal cords were homogenized in a lysis buffer containing 1 % 
Nonidet P-40, 20 mM Tris (pH 8.0), 137 mM NaCI, 0.5 mM EDTA, 
10% glycerol, 10 mM NaaPsO?, 10 mM NaF, 1 \LQ/m\ aprotinin, 10 
ii.g/ml leupe|3tin, 1 mM vanadate, and 1 mM phenylmethylfulfonyl 
fluoride. Induction of p75 by spinal cord injury was detected on 
Westem analyses using an anti-rabbit, anti-p75 antibody from Co- 
vance (Berkeley, CA). For detection of proNGF and mature NGF, 
anti-mouse anti-NGF from Chemicon International (Temecula, CA) 
was used, but the same data were obtained with anti-rabbit anti- 
NGF from Cedarlane (Hornby, Ontario). The samples for neuro- 
trophin Westem analyses were prepared in Laemli buffer that was 
supplemented with 20 mM DTT and 100 mM iodoacetamide to pre- 
vent any potential dimeric interaction between mature NGFs. BDNF 
and NTS antibodies were from Promega (Madison, Wl). 

Immunodepletion 

The lysates were subjected to two rounds of immunoprecipitation 
using proNGF antiserum. The supematants resulting from immuno- 
precipitation were analyzed in Westem analyses with NGF antibody 
(Chemicon International, Temecular, CA) to assess the extent of 
depletion. The lysates taken before immunodepletion was used as 
undepleted controls in Figure SB. 

Generation of Recombinant ProNGF and Mature NGF 
The cDNA of murine NGF was amplified by RT-PCR and sequenced 
in both directions for any errors. To improve translation initiation, 
1 1 bases from the mouse untranslated region of murine NT-3, includ- 
ing the Kozak consensus site, was exchanged for the murine NGF 
sequence. PCR-mutagenesis was performed to add six histidine 
(His) residues at the C tenninus, and residues RR (bp 1008-1013) 
near the C tenminus were mutated to AA to impair cleavage of the 
His tag. To generate proNGF with impaired furin cleavage (proNGF). 
the KR (bp 651-657) was mutated AA. After bidirectional sequenc- 
ing, the constructs were cloned into pcDNA, and stable 293 transfec- 



tants expressing pcDNA, pcDNA-proNGF, and pcDNA-mature-NGF 
were isolated following G41 8 treatment For purification, cells were 
cultured for 1 8 hr in serum-free media, and the resulting media were 
collected after removing cells by centrifugation. His-tagged mature 
or cleavage resistant proNGF was purified using Ni-bead chroma- 
tography pcpress System Protein purification, Invitrogen) as per the 
manufacturer's instructions using imidazole (350 mM) for elution. 
Medium from cells stably transfected with pcDNA vector alone was 
harvested and purified in parallel. TTie concentration of proNGF or 
mature NGF was estimated by silver stain, using known concentra- 
tions of mature NGF (Haiian Bioproducts for science) in parallel. 

Generation of ProNGF- and ProBDNF-Specrfic Antibodies 
GST fusion proteins encoding amino acids 23-81 (asp23 to arg81) 
of human proNGF or amino acids 25-90 (asn25 to asp90) of human 
proBDNF were generated in bacteria and purified by chromatogra- 
phy with glutathione-sepharose. Rabbits (using GST-proNGF) or 
chickens (using GST-proBDNF) were immunized to generate anti- 
sera. Specific antisera were purified by first incubating whole serum 
with GST to adsorb GST-specific immunoreactivity and then by 
adsorption to and elution from a glutathione column to which GST- 
proBDNF or GST-proNGF had been irreversibly coupled. 

Antibody Blocking Experiments Using Injured 
Spinal Cord Extracts 

The extracts from injured spinal cord were added at 0.14 p-l in vol- 
ume, which was estimated to give a final proNGF concentration of 
14 ng/ml based on Westem analyses. Extracts from sham-operated 
spinal cord were used at the same volume. For the dose curves In 
Figure 7B, rat oligodendrocytes were treated with column*purifted 
recombinant proNGF, column-puritied recombinant mature NGF, 
injured spinal cord extracts from mice, sham extracts, or vehicle at 
the indicated concentrations. For the vehicle control for the recom- 
binant NGFs, the elution buffer containing 350 mM imidazole was 
used. The tinal concentration of imidazole therefore ranged from 
250 M.M to 5 mM. Following a 24 hr incubation period, samples were 
processed for TUNEL and MBP staining as described. For antibody 
blocking experiments, either the injured or sham extracts (0.1 4 
were preincubated with mature NGF (5 n-l; Chemicon), proNGF (5 
fil), proBDNF (10 antibodies, or pre-immune semm (10 jil) for 2 
hr at 4X. The extract and antibody mix was then added to oligoden- 
drocytes for 24 hr before they were processed for TUNEL and MBP 
stain. 

Statistical Methods 

A two-way ANOVA (site x time) was used for the cell counts in the 
rat and a Student's t test in the mice to evaluate the number of 
surviving and apoptotic oligodendrocytes. 
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ABSTRACT Delivery of nonlipophilic drugs to the brain Is 
hindered by the tightly apposed capillary endothelial ceils that 
make up the biood-brain barrier. We have eiamiiied tlie ability 
of a monocioaal antibody (OX-2d)» which recognizes the rat 
transferrin receptor, to fiunction as a carrier for the delivery of 
drugs across the blood-brain barrier. This antibody, which 
was previously shown to bind prefmntially to capillary endo- 
thelial cells in the brain after intravenous administration 
(Jefferies, W. A., Brandon, M. R.» Hunt, S. V., Williams, 
A. F., Gatter, K. C. & Mason, D. Y. (1984) NaUm (Lomhn) 
312, 162-ld3), labels the entire cerebrovascular bed hi a 
dose^lependent manner. The initiany uniform labeling of brain 
capillaries becomes extremely punctate »4 hr after ii^ection, 
suggesting a time-depoident sequestering of the antibody. 
Caplllary«dq>letion experimaits, in which the brain is s^- 
rated into capillary and parenchymal fractions, show a time- 
dependent migration of radiolabeled antibody from the capfl- 
laries into the brain parenchyma, which is omsistent with the 
transcytosis of compounds across the blood-brain barrier. 
Antibody-methotrezate coi^ugates were tested in vivo to assess 
the carrier ability of this antibody. Immunohistocliemlcal 
staining for either component of an OX*26*methotrexate cim- 
jugate revealed pattans of cerebrovascular labding identical 
to those observed with the unaltered antibody. Accumulation oi 
radiolabel^ methotrexate in the brain parenchyma is greatly 
enhanced when the drug is co^lugated to OX-26. 



The levels of various substances in the blood, such as 
hormones, amino acids, and ions, undergo frequent smafl 
fluctuations that can be brought about by activities such as 
eating and exercise (1). If the brain were not protected from 
these variations in serum composition, the result could be 
uncontrolled neural activity. The biood-brain barrier (BBB) 
functions to ensure that the homeostasis of the brain is 
maintained. Specialized characteristics of the endothelial 
cells that form brain capillaries are responsible for this barrier 
(1, 2). Brain capillary endothelial cells are joined together by 
tight intercellular junctions that form a continuous waU 
against the passive movement of substances from the blood 
to the brain (3, 4). These cells lack continuous gaps or 
channels connecting the luminal and abluminal membranes, 
which, in other endothelial cells, allow relatively unrestricted 
passage of blood-borne molecules into tissue. 

The isolation of the brain from the bloodstream is not 
complete; were this the case, the brain would be unable to 
function properly due to a lack of nutrients and because of the 
need to exchange hormones and other compounds with the 
rest of the body. The presence of specific transport systems 
within the capillary endothelial cells, such as those for amino 
acids, transferrin, glucose, and insulin (2, 5-8), assures that 
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the brain receives, in a controlled manner, all of the com- 
pounds required for normal growth and function. For the 
transferrin receptor, it has been reported (9) that brain 
endothelial cells are selectively labeled by anti-receptor 
antibodies in the rat after in vivo administration, presumably 
due to a high density of transferrin receptors on the surface 
of brain capillary endothelial cells. 

A problem posed by the BBB is that, in the process of 
protecting the brain, it also excludes many potentially useful 
therapeutic agents. Currently, only substances that are suf- 
ficiently lipophilic or are recognized by an existing transport 
system can readily penetrate the BBB (1, 2). The lipidization 
of drugs to enhance brain uptake is very nonspecific, in that 
it will increase the ability of the particular compound to cross 
all cellular membranes, and is not possible for many com- 
pounds. A carrier system that has some degree of organ 
selectivity and that could be used for a wide range of 
compounds would have a significant advantage over current 
methods for circumventing the BBB. Such a carrier system 
could be developed by exploiting a transport system known 
to dehver compounds across the BBB, such as that for 
transferrin. 

We report experimental results that suggest that anti- 
transferrin receptor antibodies may have utility as drug 
delivery carriers for the brain. This delivery system takes 
advantage of the high density of transferrin receptors on brain 
endothelial cells as well as the ability of these receptors to 
shuttle molecules across the BBB. Both qualitative and 
quantitative experiments show that, in the rat, the anti- 
transferrin receptor antibody OX-26 and antibody-meth- 
otrexate (MTX) conjugates bind to capillary endothelial cells 
in the brain in a dose- and time-dependent manner. In 
addition, we present data that indicate that this antibody and 
antibody-drug coi^ugates cross the BBB. 

MATERIALS AND METHODS 

Preparation of Antibody and Antibody Coi^'ugates. OX-26 
antibodies were purified from supematants harvested from 
cultures of the OX-26 hybridoma cell line [provided by Alan 
F. Williams, Medical Research Council, Oxford, U.K. (10)] 
by using protein A-Sepharose colunm chromatography. The 
control IgG2a antibody (UPCIO) was purchased from Sigma. 

A hydrazone-linked coryugate between MTX and OX-26 
was synthesized by incubating MTX y-hydrazide with anti- 
body that had been oxidized with sodium periodate to form 
aldehydes from the carbohydrate groups located on the Fc 
portion of the protein (G.F.M., S. Abelliera, and A. Morrow, 
unpublished data and ref. 11). The conjugate, which con- 
sisted of approximately six MTX molecules per antibody, 
was analyzed as described (12). The same procedure was 
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followed for synthesizing [^H]M TX-OX-26 conjugates, using 
[3',5',7-^H]MTX (Amersham). 

Immunohistochemistry. Female Sprague-Dawley rats 
(100-125 g) were anesthetized with halothane for tail vein 
injections. At sacrifice, the animals were perfused with 
phosphate-buffered saline (PBS) to remove blood from the 
vasculature. The brains were frozen in liquid nitrogen for 
cryostat sectioning. Sections (=="30 /tm) were fixed in acetone 
at room temperature and stored at -2(fC. Immunolocaliza- 
tion of injected OX-26 in the brain sections was performed 
using a horse anti-mouse IgG Vectastain ABC kit from 
Vector Laboratories by following the manufacturer's proto- 
col. MTX was detected using a rabbit anti-MTX antisera from 
Western Chemical Research and a biotinylated goat anti- 
rabbit IgG antisera from Vector Laboratories. All sections 
were counterstained with methyl green (0.05% in PBS). 

Capillary Depletion. Antibodies were labeled with either 
[^^C]acetic anhydride or [^HJsuccinimidyl propionate (Am- 
ersham) essentially as described (13, 14). For ^^C, the number 
of acetyl groups per antibody was in the range of 5 to 10; for 
^H, less than one propionyl group was added per antibody. 
Average specific activities were »10 Ci/mmol and 280 mCi/ 
nmiol (1 Ci = 37 GBq) for and ^*C, respectively. Rou- 
tinely, 1 X 10^ dpm of and 5 X lO' dpm of ^^C were injected 
per aidmal. For all experiments, the radiolabeled compounds 
were injected as a 400-fil bolus into the tail vein of female 
Sprague-Dawley rats (100-125 g) under halothane anesthesia 
and the animals were sacrificed at the appropriate time after 
injection using a lethal dose of anesthetic. A radiolabeled 
I^2a control antibody ("C for ^H-labeled OX-26, or vice 
versa) was co-iiuected with the labeled OX-26 to serve as a 
control for nonspecific radioactivity in the brain due to 
residual blood. 



Capillary depletion experiments were performed essen- 
tially as described by Triguero et aL (15). This method 
removes >9Q% of the vasculature from the brain homoge- 
nate. The entire capillary pellet and samples of the homog- 
enate and supernatant were solubilized overnight with 2 ml of 
Soluene 350 (Packard) prior to liquid scintillation counting. 
All data were collected as dpm by using a Beckman model 
TD5000 liquid scintillation counter. Data are expressed as 
percent of the injected dose per brain of the antibody in either 
the parenchyma or capillary fractions. Blood samples were 
centrifuged to pellet erythrocytes (which did not display 
significant binding of radiolabeled materials) and the radio- 
activity in a sample of serum was determined using liquid 
scintillation counting. 

RESULTS 

Dose- and Time-Dependent Localization of an Anti- 
Transferrin Receptor Antibody to Brain Capillaries in Vivo, 
Immunohistochemistry was used to localize the anti- 
transferrin receptor antibody OX-26 in the rat brain vascu- 
lature after intravenous injection by the tail vein as shown by 
Jefferies et aL (9). One hour after injection of 0.5 mg of 
purified antibody, uniform intense staining of the capillaries 
was observed throughout the brain (Fig. lA). LaJTger blood 
vessels as well as capillaries showed the presence of bound 
antibody. This staining of the brain vasculature was cleariy 
detected at doses as low as 50 /ig per rat and appeared to 
saturate at a dose of ^='0.5 mg per rat (data not shown). As 
reported by Jefferies et aL (9), specific staining of capillaries 
was not observed in any of the other organs that were 
examined (data not shown). 




Fig. 1. Immunohistochemical detection of OX-26 in brain sections. Sections were cut from brains taken from rats sacrificed 1 hr (A) and 
4 hr (B) after iqiection of 0.5 mg of OX-26 into the tail vein. The tissue sections were stained with horse anti-mouse IgG. The brown reaction 
product outlines the cerebral vasculature. The punctate staining pattern is clearly visible 4 hr after iiuection (B). A methyl green counterstain 
was used to label cell nuclei. (A, xlOO; B, x400.) 
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To determine how early after injection the anti-transferrin 
receptor antibody could be detected in the brain capillaries as 
well as how long it persisted, a time course experiment was 
performed. Rats were injected with 0.5 mg of OX-26 per 
animal and sacrificed at various times after the injection. 
Antibody was detected inununohistochemically within the 
brain capillaries as early as 5 min after injection (data not 
shown). The staining observed at this time was uniformly 
distributed along the capillary endothelium. By 1 hr after 
injection, the observed staining for antibody along the brain 
capillaries had become more intense (Fig. lA) and, as for the 
5-min time point, was quite uniform. By hr after injection, 
the staining pattern of OX-26 in the brain vasculature 
changed dramatically and became very punctate (Fig. IBh 
suggesting sequestration of the antibody in some manner. 
The pattern of localization was still punctate 8 hr after 
injection but returned to a uniform, fainter staining by 24 hr 
after injection (data not shown). 

To ensure that the observed staining was unique to the 
OX-26 antibody, a control antibody (UPCIO) of the same 
subclass (IgG2a) was injected into rats for inmiunohisto- 
chemical localization. No staining of brain vasculature was 
observed with the control IgG2a at doses and times compa- 
rable to those used with OX-26 (data not shown). 

Distributioii <tf OX-26 in Brain Faraachyma and Capillaries. 
The above results show qualitatively that the anti-transferrin 
receptor antibody OX-26 is present in the brain vasculature 
after i.v. administration. To demonstrate quantitatively that 
the anti-transferrin receptor antibody accumulates in the 
brain parenchyma, homogenates of brains taken from ani- 
mals iiyected with radiolabeled OX-26 were depleted of 
capillaries by centrifiigation through dextran to yield a brain 
tissue supernatant and a capillary pellet. A comparison of the 
relative amounts of radioactivity in the different brain frac- 
tions as a function of time should indicate whether the labeled 
monoclonal antibody has crossed the BBB. Because the 
vasculature remains intact during the capillary depletion 
procedure, the antibody that reaches the parenchyma has 
traversed the basement membrane and perivascular cells 
associated with the capillaries. As a control for nonspecific 
association with the brain due to residual blood contamina- 
tion, a ^^C-labeled IgG2a control antibody was co-injected 
with the ^H-labeled OX-26. 

The amounts of OX-26 in the brain parenchyma fraction 
and in the brain capillary fraction plotted as a function of time 
after injection are shown in Fig. 2. Initially, the amount of 
OX-26 associated with the brain capillaries rises sharply, 
reaching a level of »0.6% of the injected dose by 1 hr after 
injection. This level then decreases over time, dropping to 
0.13% of the injected dose by 24 hr after injection. As the 
amount of antibody associated with the capillaries decreases, 
the amount associated with the brain parenchyma increases, 
reaching a value of 0.44% of the injected dose by 24 hr after 
iiyection. This redistribution of the radiolabeled OX-26 from 
the capillary fraction to the parenchyma fraction is consistent 
with the time-dependent migration of the anti-transferrin 
receptor antibody across the BBB. 

To address the question of stability of the radiolabeled 
carrier in the circulation, total IgG was extracted from serum 
followed by polyacrylamide gel electrophoresis and autora- 
diography. This analysis did not reveal detectable levels of 
OX-26 degradation as late as 48 hr after injection (data not 
shown). 

Localization of OX-26-MTX Coi^ttgates in the Brain Vas- 
culature. If an anti-transferrin receptor antibody is to function 
as a drug carrier, it must retain its ability to bind to and be 
internalized by brain capillary endothelial cells after conju- 
gation with drug. To test for targeting and binding to brain 
capillaries in vivo, an OX-26-MTX conjugate («»6 MTX per 1 
antibody) was prepared using a hydrazone linkage. One hour 
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Fig. 2. Time-dependent changes in the disposition of ^H-labeled 
OX-26 between brain parenchyma and vasculature. Capillary deple- 
tion was performed on homogenates prepared from brains taken from 
animals 1, 4, and 24 hr after iiyection of radiolabeled OX-26. The 
percent iiuected dose of antibody per brain in the parenchyma 
fraction (o) and vascular pellet (•) are shown. Similar results were 
obtained using ^^-labeled OX-26 (data not shown). The values 
shown are mean ± SEM (n » 3 rats per time point). These results are 
representative of other studies that have been done. 

after its injection into the rat tail vein, the brain was removed 
and sectioned for immunohistochemistry as for the studies 
described above. Both the antibody carrier and the MTX 
^'passenger** were visualized in the brain using either anti- 
mouse IgG or anti-MTX antisera. 

A staining pattern similar to that seen with OX-26 alone 
was revealed when sections from the conjugate-injected 
animals were stained for the carrier antibody (Fig. 3A). A 
similar pattern was seen when these sections were stained 
with anti-MTX antisera (Fig. 3B), indicating colocalization of 
OX-26 and MTX in the brain vasculature. 

When equivalent amounts of free MTX were injected into 
rats, no staining of the brain vasculature was observed using 
the anti-MTX antisera, indicating that localization of the drug 
to the brain capillaries is dependent on OX-26 (data not 
shown). Also, no staining was observed when the anti-MTX 
antiserum was used on sections containing only OX-26. 

Distribution (rf the OX-26-MTX Com'u^te in Brain Paren* 
chyma and Capillaries. Capillary-depletion studies identical 
to those described above for OX-26 were performed with an 
OX-26-MTX conjugate in which the MTX moiety was labeled 
with at the 3', 5', and 7 positions. As with unconjugated 
antibody, the amount of label in the capillary fraction at an 
eariy time after injection (30 min for these experiments) was 
greater than that in the parenchyma fraction (Fig. 4). This 
distribution changed over time such that by 24 hr after 
injection, "^S-fold more of the labeled MTX was in the brain 
parenchyma than was in the capillaries. These results are 
consistent with those obtained with unconjugated antibody 
and suggest that the OX-26-MTX conjugate crosses the BBB. 

To ensure that these results were not due to contaminating 
amounts of free [^H]MTX or [^H]MTX that had been cleaved 
fh>m the conjugate after injection, a mixture of labeled drug 
and antibody was injected into rats and a capillary-depletion 
experiment was performed. The amount of [^HJMTX in the 
different brain fractions was significantly lower for the mix- 
ture as compared to the conjugate (as much as 47-fold in the 
capillary fraction 30 min after injection; Fig. 4). The 
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Fio. 3. Immunohistochemical detection of an OX-26-MTX coxqugate in biain sections. Horse anti-mouse IgG (A) and rabbit anti-MTX (0) 
antiseiB were used to detect the carrier antibody and the passenger drug, respectively, in the brain vasculature after i.v. admimstration of 0.2 
mg of OX-26-MTX coqjugate. Immunohistochemistry was as described in Fig. 1. (xlOO.) 



[^H]MTX in the mixture also did not show the change in 
distribution of the label between the various brain fractions 
over time as was seen with the antibody-MTX coiQugate or 
antibody alone (Figs. 2 and 4). 

DISCUSSION 

The results presented herein indicate that an antibody which 
recognizes an extracellular epitope of the transferrin receptor 
crosses the BBB and can be used to deliver the chemother- 
apeutic drug MTX to the brain after intravenous administra- 
tion. Initially, inununohistochemistry was used to corrobo- 
rate and elaborate on earlier studies by Jefiferies et al. (9) 
demonstrating that anti-transferrin receptor antibodies bind 
preferentially to vascular endothelial cells within the brain. 
This phenomenon is most likely attributable to a higher 
density of these receptors on the endothelial cells that make 
up the BBB as compared to those in other capillary beds. 
Physiologically, this is consistent with the fact that the 
primary, if not only, pathway for iron to enter the brain is by 
the transcytosis of iron-loaded transferrin across the BBB (2, 
7. 8). 

Immunohistochemical staining of brain sections taken 
from animals sacrificed at various times after ii\jection shows 
that the localization of OX-26 in the brain vasculature 
changes with time. A very punctate pattern of staining is 
observed from «»2 to 4 hr to »8 to 16 hr after iiuection as 
compared to the more uniform pattern observed before and 
after this period. This most likely represents endocytosis and 
concentration of the antibody in an intracellular compartment 
followed by eventual exocytosis. One hour after iiuection by 
the carotid artery, ferrotransferrii>-horseradish peroxidase 
corrugates have been observed to label perivascular clefts 
and cells, apparently as a result of crossing the endothelial 



cell layer (16). The time frame in which the OX-26 punctate 
staining occurs is consistent with uptake by perivascular 
cells, indicating BBB penetration. 

Although suggestive, the above results do not demonstrate 
that the antibody crosses the BBB as opposed to simply 
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Fig. 4. Enhanced delivery of MTX across the BBB using OX-26 
as a drug earner. Capillary depletion experiments were used to 
compare the distribution of an OX-26-MTX coi^ugate to that of a 
mixture of antibody and drug. The data are expressed as percent of 
the ii\iected dose of ^H-labeled MTX per brain in unfiractionated 
homogenate, the parenchyma fraction, and the capillary fraction. 
The values shown are mean ± SEM (/i = 3 rats per time point). These 
results are representative of other studies that have been done. 
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binding to the luminal surface of the capillary endothelial 
cells. To address these concerns as well as to obtain more 
quantitative data, OX-26 was radioactively labeled and its 
distribution within the brain was determined using the tech- 
nique of capillary depletion as developed by Triguero et aL 
(15). The time-dependent changes that were observed in the 
distribution of radiolabeled OX-26 within the vascular and 
parenchymal fractions of the brain are consistent with models 
for the transcytosis of blood-borne proteins across the BBB 
(2, 17). This pathway consists of (0 binding of the blood- 
borne compound to a receptor on the luminal side of the 
capillary endothelial cell, (lO engulfment of occupied recep- 
tors into endocytic vesicles and transport of the vesicular 
contents to the abluminal surface of the cell* and (iii) exo- 
cytosis of the internalized materials on the abluminal surface, 
lliere is precedence for the binding of anti-transferrin recep- 
tor antibodies to the receptor on the cell surface with sub- 
sequent internalization of the antibody-receptor complex 
(18), suggesting that steps i and » of the transcytosis pathway 
described above can occur. With regard to the release of the 
antibody on the abluminal surface of endothelial cells, it has 
been demonstrated that certain antibodies to the low density 
lipoprotein receptor-related protein undergo internalization, 
escape degradation in the lysosome, and recycle to the cell 
surface where they dissociate from the receptor in an acid- 
precipitable form (19). A similar pathway may be followed by 
the anti-transferrin receptor antibodies in traversing the brain 
capillary endothelial cells. 

The use of radiolabeled antibody in the capillary depletion 
experiments also allows the quantitation of the amount of 
carrier in the different brain fractions at specific times. 
However, because the brain is a dynamic system with uptake 
from the blood and clearance to the cerebrospinal fluid and 
the blood occurring concurrently, these calculations most 
likely underestimate the total amount of antibody that 
reaches the brain parenchyma from the circulation. 

Conjugates of OX-26 and MTX were synthesized and 
tested in vivo to examine the ability of this antibody to deliver 
drugs to the brain. The results presented suggest that the 
targeting of OX-26 to brain capillary endothelial cells is not 
markedly affected by the attachment of "passenger*' drug 
molecules. However, although we have clearly demonstrated 
enhanced delivery of MTX to the brain by using OX-26 as a 
carrier, the amount that reaches the brain parenchyma is 
lower than that of antibody alone (0.27 and 0.44% of the 
injected dose, respectively, 24 hr after injection). It appears 
that this difference may be a reflection of the physical- 
chemical properties of the passenger compound, as we have 
found that some conjugates of OX-26 exhibit enhanced 
uptake into the brain parenchyma relative to antibody alone 
(L.R.W. and P.M.F., unpublished data). The use of radio- 
labeled MTX in the capillary depletion experiments clearly 
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demonstrates that it is the drug which is delivered to the brain 
parenchyma. 

The results presented demonstrate the feasibility of deliv- 
ering drugs across the BBB by using an anti-transferrin 
receptor antibody as a carrier. Although the present study 
establishes delivery of a small drug molecule, neuroactive 
peptides and neurotrophic factors whose effective brain 
concentrations are in the nanomolar range (or lower) are also 
potential candidates for delivery using this system. OX-26 
has been shown to deliver proteins as large as 40 kDa to the 
brain and to achieve concentrations in the brain estimated to 
be in the 10-100 nM range (L.R.W., P.M.F. and M.A.T., 
unpublished data). Thus, therapeutic levels of neuroactive 
compounds may be achieved in the brain using an anti- 
transferrin receptor antibody. 
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Abstract 

The blood-brain barrier (BBB) is formed by brain capillary endothelial cells 
(ECs). In the late embiyonic and early postnatal period, these cells respond to 
inducing factors found in the brain environment by adopting a set of defined 
characteristics, including high-electrical-resistance tight junctions. Although the 
factors have not been identified definitively, a great deal of information about 
brain ECs has been obtained, especially recently. This review concentrates on 
a ceil biological analysis of the BBB, with an emphasis on regulation of the 
specialized intercellular junctions. The development of these junctions seems 
to depend on two primary processes: the appearance of high levels of the tight 
junction protein occludin and intracellular signaling processes that control the 
state of phosphorylation of junctional proteins. Recent studies have revealed 
that the BBB can be modulated in an ongoing way to respond to environmental 
stimuli. 



INTRODUCTION 

The existence of the blood-brain barrier (BBB) has been recognized for more 
than 100 years, having been demonstrated first by the German microbiologist 
Ehrlich. Although most neuroscientists are generally familiar with the idea 
that the BBB acts to keep toxic substances out of the brain, they are poorly 
informed about its underlying biology, and until recently, few studies applied 
detailed cellular and molecular biology to this problem. Although specialized 
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endothelial cells (ECs) constitute the BBB, neuroscientists do not generally 
concern themselves with ECs, and those cell biologists who are interested in 
ECs generally work with cells that are easier to obtain in large numbers, such 
as those from the aorta. This review describes the basic properties of the BBB 
and how it develops. A detailed molecular analysis of the BBB is presented 
first, with emphasis on the junctions that couple neighboring ECs. The final 
sections analyze the ways in which the properties of the BBB can be regulated 
and suggest when such regulation may occur. 

WHAT IS THE BBB? 
Ultrastructure 

Early electron microscopic studies using electron-dense tracers revealed that the 
BBB is an endothelial barrier present in capillaries that course through the brain 
(Reese & Kamovsky 1967). Astrocytes that contact and influence EC proper- 
ties do not form a true barrier in vertebrates, although they do in invertebrates 
(Abbott & Pichon 1987). Ultrastructural studies also pointed out two ways in 
which ECs in brain differ fundamentally from those in most peripheral tissues. 
First, they have very few endocytotic vesicles, thereby limiting the amount of 
transcellular flux. Second, they are coupled by tight junctions, severely restrict- 
ing the amount of paracellular flux. This combination of features constitutes 
the BBB (see Figure 1). 

Permeability Properties 

The BBB significantly impedes entry from blood to brain of virtually all 
molecules, except those that are small and lipophilic. There are, however, sets 
of small and large hydrophilic molecules that can enter the brain, and they do 
so by active transport (Rowland et al 1992). For essential nutrients, such as 
glucose and certain amino acids (or related molecules, including L-DOPA), 
specific membrane transporting proteins are present in relatively high concen- 
trations in brain ECs. There also seem to be systems, at least some of which 
are receptor mediated, capable of shuttling macromolecules into the brain. The 
best known of these is the transferrin receptor (reviewed in Pardridge 1997), 
but evidence indicates that other growth factors and cytokines have a limited 
ability to cross the BBB (McLay et al 1997). 

One of the more important transporters is P-glycoprotein, also present in 
relatively high concentrations on brain capillaries. This transporter works in 
an opposite direction to those described above. That is, it generally transports 
back into the blood a variety of lipophilic molecules that enter ECs or penetrate 
into the brain. This membrane protein is a functional part of the barrier, since 
P-glycoprotein knock-out mice show enhanced sensitivity to circulating drugs 
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Figure 1 Essential features of the blood-brain barrier. Brain capillary ECs are coupled by adherens 
and tight junctions, the latter limiting paracellular flux. P-glycoprotein is expressed in the apical 
membrane of the ECs and actively ejects certain undesired substances from the central nervous 
system (CNS). Transcytosis across brain ECs occurs slowly, minimizing transcellular movement 
into the CNS. Astrocyte processes ensheath the ECs, although an extracellular matrix (ECM) is 
interposed and may release molecules that influence their phenotype. Not shown are the transporters 
for essential nutrients, such as glucose and certain amino acids, and for macromolecules such as 
transferrin. 



and potential toxins that accumulate in the brain at higher-than-normal levels 
(Schinkel et al 1994, 1996). 

Intercellular Junctions 

The permeability properties of the BBB reflect, to a major degree, the tightness 
of the intercellular junctions. Moreover, as is described below, the junctions are 
the part of the BBB most likely to be modified in physiological and pathological 
situations. Therefore, the cell biology of brain EC tight jimctions is a major topic 
in this review. 

DEVELOPMENT OF THE BBB 

The BBB reflects the combination of low rates of endocytosis and the imper- 
meability of intercellular junctions. These properties are potentially subject 
to independent regulation. Rates of endocytosis can be determined by mea- 
suring the rate at which a marker such as horseradish peroxidase is taken up 
by the cells. The tightness of junctions, however, is best reflected by their 
electrical resistance. Unfortunately, there is no direct way of measuring the 
electrical resistance of capillaries within the brain parenchyma. Instead, direct 
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electrical resistance measurements have been made on capillaries within the 
pia mater on the surface of the brain (Butt et al 1990). These junctions do have 
high resistance, and it is tempting to think of them as being equivalent in all 
ways to parenchymal capillaries. How true this is remains somewhat unclear. 

When blood vessels first enter the brain in rodents, they are discontinuous, 
much like capillaries in certain peripheral tissues (Kniesel et al 1996). The first 
known marker of brain ECs appears at El 0.5 in mouse, even before astrocytes 
are present (Qin & Sato 1995). Surprisingly, however, the time of actual barrier 
formation is somewhat controversial (Saunders et al 1991). In part, this uncer- 
tainty relates to the difficulty of assessing barrier fimction. In adult animals, 
such an assessment is readily accomplished by introducing dyes or enzymatic 
tracers into the circulation. In embryonic or neonatal animals, however, the ad- 
dition of such tracers may actually disrupt the barrier by significantly increasing 
either the volume of blood or its oncotic pressure. 

More important, it now seems unlikely that all of the properties of the BBB 
are acquired simultaneously. For example, serum proteins are excluded firom 
the brain even at relatively early times in rodent embryos, indicating that a pro- 
tein barrier is present early in development (Saunders et al 1991). However, the 
fiill ionic barrier may not develop until later. Pial vessel resistance measure- 
ments, for example, suggest the acquisition sometime after birth of a significant 
ion barrier with resistance greater than 1000-2000 ohm-cm^, compared with 
the 10 ohm-cm^ characteristic of peripheral capillaries (Butt et al 1990). 

INDUCTIVE EVENTS IN BBB FORMATION 
The Role of Microemironment 

The BBB forms as brain capillary ECs adopt a phenotype that is distinctly 
different fi-om that of peripheral capillaries, Stewart & Wiley (1981) examined 
this process using the classical technique of tissue transplantation between quail 
and chick embryos. To assess capillary permeability, they injected embryos 
with one of several cationic dyes that bind tightly to serum albumin and can 
be used to assess that protein's entry into tissue. They found that gut tissue 
transplanted to brain was vascularized by ECs firom brain that became leaky in 
their new location. On the other hand, brain tissue transplanted to gut became 
vascularized by gut ECs that gained the capacity to exclude macromolecules. 

Hence, the final microenvironment, rather than the source, of ECs appears to 
be of prime importance in specifying at least certain cellular properties. That 
environment is significant is supported by the finding that there is a leaky bar- 
rier between the circulation and brain tumors, even though the tumors are 
vascularized by ECs of brain origin. However, there is a limitation, often 
overlooked, on the interpretation of transplantation experiments — ^namely, there 
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is no way to determine the electrical resistance of EC junctions in the newly 
vascularized tissue. Therefore, it is not certain that a true high-resistance barrier 
was formed under these circumstances. 

The Role of Astrocytes 

Of utmost interest after Stewart & Wiley's work was the determination of the 
cellular source of factors stimulating partial or complete EBB formation. Struc- 
turally, the cell closest to brain capillary ECs is the astrocyte, whose endfeet 
cover much of the capillary's basal surface. For that reason, Janzer & Raff 
(1987) investigated the notion that astrocytes might induce ECs to adopt a brain 
phenotype. They purified and cultured astrocytes firom neonatal rat brain and 
transplanted them onto the chick chorioallantoic membranes and into the rat eye. 
As before, they assessed barrier properties with the aid of a cationic dye (Evan's 
blue) that marks albumin flux. Their experiments established that rat astrocytes, 
in the absence of other cell types, are capable of causing even chick peripheral 
ECs to become less leaky to large molecules. The reservations pointed out for 
the chick-quail transplantation experiments apply to these as well. That is, al- 
though these experiments are widely quoted as demonstrating that astrocytes 
induce BBB formation — including high-resistance tight junctions — ^they do not 
actually show that. 

There are other limitations to reaching this simple conclusion. Holash and 
associates (1993) were seemingly unable to replicate Janzer & Raff's results, 
although technical differences between the two sets of experiments may ac- 
count for this difficulty. Another consideration is that pial vessels, which do 
have high electrical resistance, are not contacted in the same uniform way by 
astrocytic endfeet (Allt & Lawrenson 1997; see Cassella et al 1997 for an 
interesting discussion of potentially variable influences of astrocytes on pial 
vessels). Also, as mentioned above, at least one differentiated property of brain 
ECs, the accumulation of P-glycoprotein, appears to be acquired prior to con- 
tact with astrocytes. Finally, since the full brain EC phenotype appears likely to 
be acquired over a period of days to weeks, several different factors, possibly 
from cells other than astrocytes, might influence EC properties. As to what 
other cells might be involved, different kinds of nerve endings are found in the 
vicinity of brain capillaries (Cohen et al 1997), and they could easily be the 
source of differentiating factors. 

CELL CULTURE MODELS OF THE BBB 
Early Approaches 

There has been considerable interest in establishing BBB cell culture models for 
two reasons. The first and original reason was to set up an assay system to predict 
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how well drug candidates would penetrate across the BBB. Such predictions are 
not easy to make in vivo. Generally, these models have used primary cultures 
or cell lines established from ECs isolated from bovine, porcine, or rodent brain 
capillaries (Audus et al 1996). In most cases, the ECs were grown in standard 
culture conditions — ^that is, in the presence of high percentages of fetal calf 
or calf serum. In reality, these cells were thereby removed from the central 
nervous system (CNS) environment. Virtually uniformly, these cultures did 
form junctional complexes, but they were not very brain-like, having trans- 
monolayer resistances of 10 ohm-cm^ or so, similar to what would be seen 
with ECs derived from aorta. In view of the experiments described above, this 
result is not surprising. However, the cells did seem to retain some transport 
properties similar to those found in vivo (reviewed in Audus et al 1996). 

The second major reason for resorting to cell culture models has been to try 
to understand, in a carefully controlled experimental situation, more about how 
phenotypic characteristics of capillary ECs are modulated. In culture, numer- 
ous properties of ECs, including tight junction resistance, rate of endocytosis, 
and the presence of specific transporters, can be assayed. In this context, the 
major goal has been to derive cultures that are quite brain-like. These models 
have used ECs derived from bovine, porcine, rodent, and even human brain 
microvessels, with different types of peripheral ECs and with some brain and 
non-brain EC lines. 

Use of Astrocyte-Derived Factors 

A frequent strategy has been to use astrocytes to make the culture environ- 
ment more CNS-like. Clear predictions are difficult, however, since the exact 
effect of astrocytes is still uncertain. For instance, the ability of astrocytes to 
induce EC tight junctions of high electrical resistance is not guaranteed by in 
vivo studies. Also uncertain is the molecular mechanism of astrocyte signal- 
ing to ECs. In that regard, the following possibilities must be considered: direct 
membrane-membrane interactions (probably unlikely); secreted factors that are 
freely diffusible; secreted factors that are short range, because of either inher- 
ent instability (e.g. nitric oxide) or particular molecular characteristics (such as 
cholesterol addition to the active form of the inducing protein sonic hedgehog, 
which restricts its diffusion; Porter et al 1 996); and secreted factors that localize 
in the extracellular matrix that separates astrocytes from ECs. 

Studies in this area are somewhat compromised in that not all groups re- 
port resistance values for their cultures. Rather, they report relative changes in 
EC permeabilities to small and large tracers, and these results are diflBcult to 
compare with brain ECs in situ. Since high-resistance tight junctions are the 
hallmark of the BBB, it is somewhat surprising that these measurements are not 
carried out more routinely. This hesitation aside, the greatest degree of success 
has been achieved with adult brain ECs and astrocytes co-cultured on opposite 
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sides of porous filters. In this system, astrocyte processes can extend through 
the pores and terminate close to ECs. Different degrees of induction have been 
reported, including the achievement of relatively high-resistance monolayers 
starting with rat brain astrocytes and either bovine brain or bovine aortic ECs 
(Dehouck et al 1990, Isobe et al 1996, Hayashi et al 1997). In another approach, 
ECs co-cultured in this manner with astrocytes, but grown in permeable tubes 
and placed in a flow situation, were reported to achieve remarkably high resis- 
tances (Stanness et al 1997). 

Numerous studies have utilized conditioned medium generated fi-om cultures 
of rat brain astrocytes or of C6 glioma cells (Rubin et al 1991, Hurst & Fritz 
1996, Raub 1996, Rist et al 1997; reviewed in Cancilla et al 1993). It is some- 
what diflftcult to understand the use of C6 cells given that there is a leaky barrier 
between blood and glial tumors. In general, the results have been disappointing: 
High-resistance monolayers of ECs have been achieved only rarely, whether 
peripheral or brain ECs were used. In most cases, there was either a marginal 
increase in resistance or resistance results were not reported at all. However, in 
several cases, significant effects were observed on gross trans-monolayer tracer 
permeability or on other properties of ECs. 

How should these results be interpreted? It may be that very close contact 
between astrocytes and ECs is required before induction of brain-like endothe- 
lial properties can be achieved, and there are other examples of cell-derived 
inducing molecules that act within only a few cell diameters of their source 
(Tanabe & Jessell 1996). Little is known about factors made by astrocytes that 
might have such inducing effects, although astrocytes make numerous signal- 
ing molecules, including cytokines of different types and neurotrophins (Ridet 
et al 1997). Also, the matrix between brain ECs and astrocyte endfeet has 
at least two potentially important components — an agrin isoform (Barber & 
Lieth 1997) and fil laminin (Hunter et al 1992) — that are also localized in the 
extracellular matrix at the neuromuscular junction. 

However, even though astrocytes do play a role in EBB induction, they may 
not be the sole inducers of high-resistance tight junction formation. This possi- 
bility would still be consistent with the transplantation experiments, since these 
measured only decreased albumin flux, which can be obtained with much lower 
resistance junctions than those present at the EBB. So, it still seems possible 
that the bulk of the in vitro experiments simply reflect the true situation — 
that factors from non-astrocyte sources are also significant in regulating tight 
junction formation. 

Other Approaches to Achieving High-Resistance Junctions 
Rubin and coworkers (1991) described another method of achieving high- 
resistance monolayers. They found that elevating cyclic AMP levels in brain 
ECs pretreated with astrocyte-derived conditioned medium produced a striking 
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increase in tight junction resistance and structural changes consistent with in- 
duction of high-resistance junctional complexes. Since that time, this observa- 
tion has been repeated in several laboratories (Deli et al 1995, Raub 1996, Rist 
etal 1997). 

This resuh suggests that it is possible to make ECs more brain-like by by- 
passing normal inducers of EC differentiation through direct activation of in- 
tracellular signaling systems. In the next section, we begin a discussion of 
the structure of the junctional complex that couples neighboring ECs in both 
peripheral and brain capillaries. We then return to the issue of how intracellular 
signaling systems control the structure and function of cellular junctions. 

THE JUNCTIONAL COMPLEX: ADHERENS 
AND TIGHT JUNCTIONS 

Because tight junctions probably represent the major functional component 
of the BBB, the remaining sections of this review focus on their structure and 
regulation. Until recently, much more was known about epithelial than endothe- 
lial junctions because a variety of epithelial cell lines form elaborate junctional 
complexes that can be investigated easily. Fortunately, recent experiments have 
shown brain ECs to be very epithelial-like, at least in certain respects. 

Numerous studies have demonstrated conclusively that tight junctions de- 
pend very much on adherens junctions, where the cell-cell adhesion molecules 
are found. For example, experiments by Gumbiner & Simons (1986) revealed 
that antibodies against E-cadherin, the Ca^'^'-dependent epithelial cell adhesion 
molecule, block tight junction formation. The presumption, then, is that the 
normal course of events after cell contact is cadherin-dependent cell adhesion 
followed by tight junction assembly. Even later, however, tight junction in- 
tegrity depends on having intact adherens junctions. Thus, perturbations that 
influence the strength of intercellular adhesion could also affect the "tight- 
ness" of tight junctions. Since tight and adherens junctions are spatially and 
biochemically distinct, adherens junction proteins must indirectly affect tight 
junction proteins. This must involve cytoplasmic or cytoskeletal components 
that interconnect the two arrays of junctional molecules. 

Tight Junction Proteins 

The tight junction is the most apical section of the junctional complex and is 
clearly separated from the adherens junction in epithelial cells such as MDCK 
cells (reviewed in Staddon & Rubin 1996). In other types of cells, including 
brain ECs, there may be some intermixing of adherens and tight junctional com- 
plexes in the paracellular cleft (Schulze & Firth 1993). One of the major prob- 
lems in identifying tight junction components was that it had to be done in the 



CELL BIOLOGY OF BLOOD-BRAIN BARRIER 



19 



absence of any known biochemical properties. This problem was solved in part 
by generating monoclonal antibodies against junctional membrane fractions. 
The first tight-junction-associated protein to be identified was the 220-kDa 
protein ZO-1 (Stevenson et al 1986), which is present in both epithelial cells 
(Stevenson et al 1986) and ECs (Rubin et al 1991, Hirase et al 1997). Cloning 
and sequencing of the cDNA encoding ZO-1 (Itoh et al 1993, Willott et al 1993) 
revealed it to be a member of the MAGUK (membrane-associated guanylate 
kinase) protein family (Anderson 1996), suggesting that it may act in intracel- 
lular signaling. Immunoprecipitation experiments on cell extracts then revealed 
a ZO-1 -associated 160-kDa protein, termed ZO-2 (Gumbiner et al 1991), that 
was found to be related to ZO-1 (Jesaitis & Goodenough 1994). Immunocyto- 
chemical experiments have shown that ZO-2 also is present at tight junctions 
in brain ECs (Schulze et al 1997). The 7H6 antigen (Zhong et al 1993) and 
cingulin (Citi et al 1988) are additional tight-junction-associated proteins that 
have yet to be cloned and sequenced. All of the molecules described thus far, 
although present in the vicinity of tight junctions, are cytoplasmic and could 
not fimction as the permeability barrier per se. 

More recently, the same general approach led to a significant breakthrough in 
the identification of the tight junction protein occludin, a four-pass transmem- 
brane protein similar to gap junction connexins (Furuse et al 1993). Although 
occludin was identified initially in chickens, mammalian homologs were dis- 
covered subsequently (Ando-Akatsuka et al 1996). A picture of a complex of 
proteins at tight junctions is now emerging in which the C-terminal cytoplasmic 
tail of occludin directly forms a complex with ZO-1 (Furuse et al 1994), which 
in turn associates with ZO-2. However, even though progress in identifying 
tight junction components has been significant, the exact role of these proteins 
in permeability control has yet to be established. 

Adherens Junction Proteins 

Cell-cell adhesion is dependent on a class of membrane proteins termed cad- 
herins. The classical cadherins, such as E, P, and N, are single-pass trans- 
membrane glycoproteins that interact homotypically in the presence of Ca^"*" 
(Takeichi 1995). Peripheral ECs express a more recently discovered cadherin 
termed VE-cadherin or cadherin-5, which appears to be the major cell-cell adhe- 
sion molecule (Lampugnani et al 1995), but it remains unclear which cadherins 
are expressed in brain ECs (see Liaw et al 1990). 

The extracellular binding domain of cadherins is itself insufificient to pro- 
mote junction formation. Also required is their cytoplasmic tail, which associ- 
ates with a group of proteins termed catenins (Gumbiner 1996). Initially, three 
catenins were identified in epithelial cells: of, ^, and y. a-Catenin is a vinculin 
homolog that binds to /3-catenin and probably links cadherins to the actin-based 
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cytoskeleton, )3-Catenin possesses multiple copies of a motif originally iden- 
tified in the segment polarity gene product Armadillo and binds directly to 
cadherin. y-Catenin is related to ^-catenin and can substitute for it in the 
cadherin-catenin complex. Another catenin, pi 20, is described in more detail 
below. The catenins link the cadherins to the cytoskeleton and to other signaling 
components. They are, thereby, part of the system by which adherens and tight 
junctions communicate. All of them are expressed and localized to junctions 
in brain ECs as well (Staddon et al 1995a, Schulze et al 1997). 

Junctional Proteins and the BBB 

How does this structural information contribute to an understanding of BBB 
formation? It might be expected that tight and adherens junctions between ECs 
in brain would be distinct in composition from those in the periphery. However, 
for the most part, this does not appear to be the case. ZO-1 and ZO-2 levels are 
similar in brain and peripheral ECs, although ZO-1 distribution is continuous 
in brain ECs but discontinuous in peripheral ECs (Hirase et al 1997). Likewise, 
Of- and ^-catenin levels are similar (Hirase et al 1997). Because comparisons of 
cadherin expression have yet to be carried out, it is still possible that a unique 
cell adhesion molecule exists in brain ECs. 

The one major difference injunction composition between the two types of 
cells rests in occludin, which is much more strongly expressed in brain ECs 
(Hirase et al 1997). This diflference in expression was seen by immunocyto- 
chemical examination of capillaries in tissue sections prepared from peripheral 
and nervous tissues. A similar difference was observed when ECs cultured 
from peripheral and brain tissues were compared. Occludin expression in brain 
ECs was much higher than that in peripheral ECs and more like that in ep- 
ithelial cells, which have well-developed tight junctions. Large differences 
were also seen at the mRNA level, suggesting that transcriptional control is 
involved. 

Hirase and coworkers (1 997) studied the appearance of occludin at the devel- 
oping rodent BBB. They found that substantial levels of occludin appeared in 
brain capillaries only after the first postnatal week in rat. Thus, its appearance 
correlates with the time of complete development of the BBB, However, the 
observation that a substantial barrier to serum proteins exists at earlier times 
in development raises the issue of whether a fimctional equivalent of occludin 
exists at these earlier stages. 

SIGNALING AND TIGHT JUNCTIONS 

At first glance, it might be expected that differences in occludin levels would 
completely account for differences between central and peripheral capillaries, 
at least in terms of tight junction permeability. However, this does not appear to 
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be true. Although high levels of occludin seem to be required to generate fully 
developed tight junctions (high resistance to ion flux), such high levels are not 
suflScient to ensure high-resistance junctions. As mentioned previously, when 
brain ECs are cultured in normal cell culture medium, they have relatively 
low resistance in spite of having high occludin levels. These observations 
require that there be another level of control important in determining junctional 
properties. A large amount of data suggests that the state of phosphorylation 
of junctional proteins is also centrally involved. 

cAMP, the Cytoskeleton, and Junctional Regulation 
Mentioned previously was the observation that brain ECs are very sensitive to 
cAMP elevation. This perturbation in cells derived from bovine, porcine, hu- 
man, and rodent brains produces an almost immediate elevation of tight junc- 
tion resistance and a slower reorganization of the actin cytoskeleton (Rubin 
et al 1991), Untreated cultures contain actin stress fibers throughout their cy- 
toplasm, but after cAMP treatment these stress fibers become less abundant, 
focal contacts (between cells and substrate) become less pronounced, and the 
belt of filamentous actin at sites of cell junctions becomes more apparent. 
Eflfects on resistance are readily reversible — as cAMP levels return to normal, 
resistance decreases rapidly. Thus, effects of cAMP on resistance seem likely 
to be independent of new gene transcription. 

The rate of resistance modulation by cAMP suggests the existence of one or 
more proteins, capable of being phosphoiy lated by protein kinase A, whose state 
of phosphorylation controls permeability. These phosphoproteins may either 
directly regulate tight junction properties or control the strength of cell-cell ad- 
hesion. Another possibility is that such phosphoproteins regulate interactions 
between the membrane and the cytoskeleton. This is supported to some degree 
by studies on the effects of lysophosphatidic acid. This agent, released from 
platelets during clotting (Moolenaar 1995) and during other circumstances of 
cell damage, including stroke, has an effect opposite to that of elevated cAMP 
(Schulze et al 1997). Lysophosphatidic acid has been suggested to signal by 
activating rho, a small GTP-binding protein that appears to fimction in control 
of stress fiber formation and myosin light chain phosphorylation (Narumiya 
et al 1 997, Hall 1 998). c AMP is known to affect myosin light chain phosphoryla- 
tion and might allow relaxation of the actin-based cytoskeleton, which, because 
of its linkage to the adherens and tight junctions, could result in strengthened 
cell-cell contacts and increased tight junction permeability (see Goeckeler & 
Wysolmerski 1995). 

Tyrosine Phosphorylation 

A variety of observations indicate that tyrosine phosphorylation of proteins 
at cell-cell junctions is involved in junctional regulation. Maher & Pasquale 
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(1988) suggested that decreased tyrosine phosphorylation of proteins at cell- 
cell contacts during development may correlate with the acquisition of barrier 
function. Tyrosine kinases of the src family are localized at epithelial cell ad- 
herens junctions (Tsukita et al 1991), and jS-catenin is one of the proteins that 
is most highly phosphorylated in src transfected cells (Matsuyoshi et al 1992, 
Behrens et al 1993, Hamaguchi et al 1993; but see Takeda et al 1995). Further- 
more, some evidence, although controversial (Zondag et al 1 996), indicates that 
receptor protein tyrosine phosphatases are associated with the cadherin-catenin 
complex (Brady-Kalnay et al 1995, Balsamo et al 1996, Fuchs et al 1996, Kypta 
et al 1996). Thus, cell-cell junctions seem to possess the requisite proteins for 
signaling via tyrosine phosphorylation. In addition, evidence indicates that in- 
hibition of protein tyrosine phosphatase in epithelial cells increases the degree 
of tyrosine phosphorylation of junctional proteins and weakens cell adhesion. 
However, functional evidence that increased tyrosine phosphorylation affected 
tight junction resistance was not provided until recently. 

Such evidence was provided in studies using cultured epithelial and brain 
ECs treated with tyrosine phosphatase inhibitors (Staddon et al 1995a). This 
approach resulted in enhanced tyrosine phosphorylation of junctional proteins 
in both cell t3^es, seen by immunocytochemical and biochemical analysis, and a 
rapid decrease in tight junction resistance. A more detailed analysis of epithelial 
cells demonstrated that both )9-catenin and ZO-1 were tyrosine phosphorylated 
(Staddon et al 1995a), suggesting that adherens and tight junction proteins are 
targets for tyrosine kinases. However, the true physiological significance of 
this observation remains to be established, and detailed information on situa- 
tions in which junctional kinases and phosphatases might be activated also is 
needed. Recent evidence has suggested, however, that the degree of tyrosine 
phosphorylation of junctional proteins decreases following endothelial cell-cell 
contact and maturation of junctions (Lampugnani et al 1997). 

pi 20 and Regulation of Junctional Permeability 
Another set of observations linking signaling and the regulation of cell junctions 
derives from experiments analyzing a new cadherin-associated protein, pi 20, 
initially discovered as a src substrate phosphorylated during cell transformation 
(see Daniel & Reynolds 1 997). Sequence analysis of p 1 20 revealed the presence 
of Armadillo repeats similar to those found in )8-catenin, but the function of p 1 20 
was not clear. Subsequently, several groups realized that a significant portion 
of pi 20 and a related protein, pi 00, were associated with the cadherin/cate- 
nin complex (Reynolds et al 1994, Kinch et al 1995, Shibamoto et al 1995, 
Staddon et al 1995b). This association was seen in both epithelial cells and ECs 
(Staddon et al 1995b), suggesting that it could play a key role in mediating 
the effects on cell junctions of phosphorylation by junctional src-like tyrosine 
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kinases. In later experiments, the state of phosphorylation of pi 20 and pi 00, 
not only on tyrosine but on serine and threonine residues as well, was broadly 
sensitive to a variety of stimuli that affect tight junction permeability (Ratcliffe 
et al 1997). However, much remains to be established about pi 20 signaling 
pathways before its role in junctional control can be understood. 

Occludin Phosphorylation 

The preceding discussion focused primarily on changes in cell adhesion pro- 
duced by phosphorylation of adherens junction proteins and their indirect im- 
pact on tight junctions. However, there is also a strong possibility that tight 
junction proteins, including occludin itself, are phosphoiylated (Sakakibara 
et al 1997). Recent preliminary experiments in our lab suggest that occludin 
is more highly phosphorylated in cultured brain ECs than in peripheral ECs. 
However, these studies also suggest that some agents that affect resistance, 
such as cAMP derivatives and lysophosphatidic acid, do not have obvious ef- 
fects on occludin phosphorylation. Nonetheless, occludin phosphorylation may 
be involved in tight junction control under some circumstances. 

PHYSIOLOGICAL AND PATHOLOGICAL 
REGULATION OF BBB PERMEABILITY 

One question that becomes immediately relevant is the degree to which observa- 
tions made on cultured cells apply to understanding control of EC permeability 
in vivo. Thus far, there does seem to be some predictability. For example, ele- 
vation of cAMP levels decreases permeability in both rat pial vessels (Easton 
et al 1997) and frog peripheral capillaries (He & Curry 1993). Elevated cAMP 
also seems to lessen the increase in BBB permeability observed after cerebral 
ischemia (Belayev et al 1997). Finally, the same tyrosine phosphatase inhibitors 
that so dramatically decrease resistance in cultured ECs and epithelial cells also 
do so in frog peripheral capillaries (Adamson 1996). 

Since tight junctions in culture seem to respond readily to an array of phys- 
iological and pharmacological agents, another important question arises: Are 
there conditions in which BBB permeability, particularly tight junction per- 
meability, is modulated in vivo? It is now agreed that some lesions of the 
BBB, visible by gadolinium-enhanced magnetic resonance imaging (MRI), are 
associated with the progression of multiple sclerosis. In this case, gross mis- 
regulation of BBB permeability appears to be associated with worsening of the 
disease and with the sometimes observed brain edema but not with its initial 
onset (see below, though). Obvious disruption of the BBB can be a relatively 
major part of the pathology following cerebral ischemia. There is little dis- 
agreement over whether a change in permeability occurs, although the timing 
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and causes have been debated (see Albayrak et al 1997, Belayev et al 1997, 
Gartshore et al 1997; reviewed in Betz 1996). Different investigators have sup- 
ported EC damage, increased fluid-phase endocytosis, and modulation of tight 
junction permeability as being causative. Our position is that altered tight junc- 
tion permeability is likely to be involved in an essential way. 

Another situation in which the BBB is central is that of cell trafficking from 
blood to brain, a process that takes place under normal and pathological situ- 
ations. Activated lymphocytes, macrophages, and certain types of metastatic 
cells can cross the intact BBB. These cells must share an ability to recognize 
go and bind to brain ECs and then initiate junction-opening mechanisms. For lym- 

phocytes, binding has been studied in some detail because even though normal 
>» entry and exit of these cells occurs as part of ongoing immune surveillance of 

S 2 CNS, entry and proliferation of myelin-reactive lymphocytes is thought to 

I J be the cause of multiple sclerosis. 

5 g What is less clear in these cases is the mechanism of cell entry. Some inves- 
e « tigators have claimed that it occurs transcellularly (through brain ECs), while 

o others have claimed paracellular movement (between ECs, by opening junc- 

g 00 tions). The latter option seems to us to be more likely and more consistent with 

6 ^ observations made in instances of cell trafficking across epithelial and periph- 
!|s eral ECs. It has been proposed (Del Maschio et al 1996, Allport et al 1997) 
S o that this process can result in destruction of the cadherin/catenin complex, at 
1^ least when neutrophils and peripheral ECs are involved, although recent evi- 
2 c dence favors dissociation rather than destruction (Sandig et al 1997). We favor 
IS I this latter mechanism, since the process appears to be reversible. In addition, 
^ ^ recent data point to technical problems leading to a false conclusion of junction 
1 1 dissolution (Moll et al 1998). 

^ I How can cells have the ability to traverse the BBB where small molecules 

1^ do not? Based on the extensive discussion above, we think it likely that cells 

I "I traverse the BBB by activating intracellular signaling systems involved in junc- 

S tional control. For example, bound leukocytes might activate the junctional 

(S ^ src-like tyrosine kinases already mentioned. This could happen as a result of 

g leukocytes binding to brain ECs and directly activating intracellular signaling 

^ systems or via secretion of cytokine-like molecules by the bound cells. Neu- 

trophils clearly trigger adhesion-dependent EC calcium fluxes that seem to be 
necessary for transmigration (Huang et al 1993). Transmigration and signaling 
will undoubtedly be a topic of future investigation. 

ONGOING LOCAL REGULATION 
OF BBB PERMEABILITY 



The hallmark of the BBB is its impermeability, but we have already seen in- 
stances in which this feature is violated. Also, there are areas of the brain. 
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such as the circumventricular organs, in which there is no BBB, so it seems 
as if there can be regional regulation of brain capillary permeability. Recent 
evidence indicates that capillary permeability is also subject to regulation by 
conditions such as stress (Friedman et al 1996). In fact, it has been claimed that 
such effects were involved in enhanced susceptibility to acetylcholinesterase 
inhibitors used in the Gulf War. As a result of these observations, an interesting 
possibility may be raised. Can other physiological events, such as increased 
neural activity, alter BBB permeability? This might promote rapid egress of 
accumulated ions, neurotransmitters, or other neuroactive agents. If alterations 
in BBB permeability occur, our prediction is that it will be found to occur by 
activation of EC junctional kinases and phosphatases. 
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Summary The most distinctive feature of Alzheimer's disease (AD) is the 
specific degeneration of the neurons involved in memory consolidation, 
storage, and retrieval. Patients suffering from AD forget basic information 
about their past, loose linguistic and calculative abilities and communication 
skills. Thus, understanding the etiology of AD may provide insights into the 
mechanisms of memory and vice versa. The brain is an immunologically 
privil^ed site protected from the organism's immune reactions by the 
blood-brain barrier (BBB). All risk factors for AD (both cardiovascular 
and genetic) lead to destniction of the BBB. Evidence emeiging from recent 
literature indicates that AD may have an autoimmune nature associated with 
BBB impairments. This hypothesis suggests that the process of memory 
consolidation involves the synthesis of novel macromolecules recognized by 
the immune system as "non-self" antigens. The objective of this paper is to 
stimulate new approaches to studies of neural mechanisms underpinning 
memory consolidation and its breakdown during AD. If the hypothesis on 
the autoimmune nature of AD is correct, the identification of the putative 
antigenic macromolecules might be critical to understanding the etiology 
and prevention of AD, as well as for elucidating cellular mechanisms of 
learning and memory. 

Keywords: Alzheimer's disease, immune privilege, blood-brain barrier, 
autoimmunity, declarative memory 



Introduction 

The brain is one of the immune privileged sites of the body. 
This follows from the fact that heterologous tissues im- 
planted in the brain are less susceptible to rejection than 
the tissues transplanted to other organs (Barker and 
Dillingham, 1977; Ferguson et al., 2002; Pachter et al., 
2003; Ransohoff et al., 2003). The important role in main- 
taining brain immune privilege belongs to the blood-brain 
barrier (BBB). The detailed description of the BBB is out 
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of the scope of this paper. Here the BBB is regarded as the 
structural and functional mechanism that protects the brain 
from the entry of macromolecules, including immuno- 
globulins (Igs), and restricts the penetration of immuno- 
competent cells (see below). The functional role of the 
brain's immune privilege is not entirely understood. A 
conunon viewpoint is that immune privilege limits the 
spread of inflammation in the brain (Ferguson et al., 2002). 
However, it is possible that immune privilege plays addi- 
tional roles related to the brain's function of information 
processing and storage (Peiia de Ortiz and Arshavsky, 
2001; Arshavsky, 2003a; Peiia De Ortiz et al., 2004). This 
idea is based on a comparison of the brain with other 
immune privileged organs. 

Among other immune privileged organs are the retina, 
testis, ovary, and fetoplacental unit in the pregnant uterus 
(Barker and Billingham, 1977; Streilein, 1995; Ferguson 
et al., 2002). For some of them, the role of inmiune privi- 
lege is well explained. For example, the placental barrier 
protects the fetus from the mother's immune system. 
Another example is the testis. The adaptive immune system 
sorts "self" from "non-self" at the embryonic and neona- 
tal periods, while the maturation of spermatozoa occurs at 
puberty and an array of new surface molecules is expressed 
on the differentiating germ cells. These spermatozoon- 
specific proteins are recognized by the adaptive im- 
mune system as non-self antigens (Flickinger et al., 1997; 
Raghupathy et al., 1989; Filippini et al., 2001). However, 
the immune reaction against one's own spermatozoa is 
normally prevented by the blood-testis barrier. A damage 
of the blood-testis barrier leads to the autoimmune 
response that eventually results in male sterilization. 
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Based on these comparisons, it is plausible to propose 
that neurons also produce certain proteins only post-natally, 
after the maturation of the immune system, and that one of 
the functions of the brain's immune privilege is to prevent 
autoimmune responses against these proteins. Recent stu- 
dies suggest that Alzheimer*s disease (AD), characterized 
by selective neuronal death in the cortical areas responsible 
for learning and memory, is an autoimmune disorder result- 
ing from BBB disruption (see below). This provokes the 
idea that processes of memorization involve the synthesis 
of macromolecules that are absent from the brain at the 
developmental stages when its immune privilege is formed. 
In this review, I will discuss the implications of this idea to 
the existing theories of memory. 

Alzheimer's disease and cerebrovascular pathology 

AD is a neurodegenerative disease characterized by the 
formation of amyloid plaques and neurofibrillary tangles. 
The neuron degeneration in AD brains is area-specific. A 
massive neural loss occurs primarily in cerebral regions 
related to the acquisition and storage of declarative mem- 
ory (the hippocampus and entorhinal cortex, amygdala, and 
association cortices), but not in primary sensory and motor 
cortices (Price, 2000; Hof and Mobbs, 2001; Selkoe, 2001; 
Walsh and Selkoe, 2004). Within the memory-related 
regions, specific neuronal populations are preferentially 
vulnerable, whereas other neurons are spared. The main 
symptom of AD is the impairment and subsequent loss of 
declarative memory. As was emphasized in a recent review: 
"Alzheimer's disease characteristically produces a remark- 
ably pure impairment of declarative memory in its earliest 
stages" (Walsh and Selkoe, 2004). In contrast, other cog- 
nitive functions are impaired only in later studies of AD. 
Therefore, it is very likely that the process of degeneration 
specifically affects those neurons, which serve as the car- 
riers of memory traces. Revealing the mechanism under- 
lying this specificity appears to be crucial in understanding 
the etiology of AD. 

As was highlighted by many authors, the etiology of the 
severe degeneration of cerebral neurons during AD remains 
an enigma and this limits the development of therapeutic 
approaches. The growing bulk of evidence suggests that the 
development of AD might be related with impairments of 
the barrier function of the BBB and, therefore, with the 
abolition of the brain immune privilege. There are two 
groups of risk factors for AD, cardiovascular (atherosclero- 
sis, hypertension, stroke, traumatic brain injuries, etc.) and 
genetic. It has been shown that among the effects the 
cardiovascular factors leading to AD is the interruption 



of the BBB (reviewed by Sparks, 1997; Kalaria, 1999, 
2003; de la Torre, 2002, 2004; Jellinger, 2002; ladecola, 
2004; Sadowski et al., 2004; Jellinger and Attems, 2005; 
Szczygielski et al., 2005; Zlokovic, 2005). Below I will 
argue that genetic factors for AD lead to the BBB injuries 
as well. 

AD is characterized by accumulation of the amyloid |} 
peptide (AP) in the brain. AP is cleaved from the amyloid 
precursor protein (APP), a transmembrane glycoprotein 
that is present in most cells. There are various forms of 
AP: the predominant, soluble form of 40 amino acids in 
length (Api-40) and insoluble form (Api-42). One of the 
genetic risk factors for AD is the mutation of the APP gene 
leading to the overproduction of AP, including its insoluble 
form. This results in an increased AP accumulation in the 
brain, the formation of amyloid plaques, and eventually AD 
(Yankner, 1996; Hardy, 1997; Mattson, 1997; Price, 2000; 
Hof and Mobbs, 2001; Selkoe, 2001; Walsh and Selkoe, 
2004). The critical role of Apl-42 for the in vivo formation 
of amyloid deposits was recently proved experimentally 
on transgenic mice that selectively overexpressed either 
Apl-40 or Api-42 (McGowan et al., 2005). 

Many studies on AD patients demonstrated that the 
mutation of the APP gene leading to AP overproduction 
results in amyloid accumulation not only in the brain, 
but also in the walls of cerebral blood vessels (cerebral 
amyloid angiopathy, CAA) with subsequent BBB impair- 
ments (reviewed by Kalaria, 1999, 2003; Jellinger, 2002; 
ladecola, 2004; Sadowski et al., 2004; Jellinger and 
Attems, 2005; Zlokovic, 2005). This was confirmed experi- 
mentally on transgenic mice expressing human mutant 
APP. Just as an AD-like phenotype, CAA developed in 
transgenic mice overexpressing Apl-42, but not in mice 
overexpressing Apl-40 (McGowan et al., 2005). Experi- 
mental evidence has been presented that suggests that neu- 
ron pathology might be more closely associated with CAA 
than with accumulation of amyloid plaques within the 
brain. Intracarotid infusion of AP(l-42) rapidly (within 
60min) affects endothelial cells and impairs the BBB in 
rats (Jancso et al., 1998). In experiments on transgenic 
mice developing an AD-like phenotype, it was found that 
memory deficits emerged prior the amyloid plaque forma- 
tion (Dodart et al., 1999; Moechars et al., 1999; Dewachter 
et al., 2001; Ujiie et al., 2003; although see Ashe, 2001 for 
the opposite viewpoint). In addition, it was shown that, in 
transgenic mice, abnormalities in the BBB permeability 
preceded cerebral amyloid plaque formation (3-4 months 
and 9-12 months, respectively). The memory impairments 
in these mice developed around the age of 6-10 months, 
when the BBB was severely damaged but the plaques were 
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not yet formed (Ujiie et aL, 2003). All these results suggest 
that AD neuron pathology and memory deficit resulting 
from the mutation of the APP gene may be more closely 
related to a faulty BBB than to accumulation of AP in 
the brain. 

Other genetic risk factors for AD are the inheritance of 
the E4 allele of the apolipoprotein E gene that produces a 
type of lipoprotein (ApoE) participating in a metabolism of 
cholesterol and other lipids and mutations in the presenilin 
1 and 2 genes that that produce components of secretase 
complex responsible for the processing of APP. In many 
studies it was shown that all these factors facilitate not 
only the accumulation of amyloid plaques in the brain 
(Strittmatter and Roses, 1996; Yankner. 1996; Price, 2000; 
Methia et al., 2001; Selkoe, 2001; Walsh and Selkoe, 
2004), but also the development of premature atherosclero- 
sis and CAA accompanied by BBB impairments (Sparks, 
1997; Kalaria, 1999, 2003; Zarow et al., 1999; Olichney 
et al., 2000; Methia et al., 2001; Jellinger, 2002; Sadowski 
et al., 2004; Jellinger and Attems, 2005; Zlokovic, 2005). 
Moreover, in postmortem studies it was found that the 
inheritance of the ApoE4 isoform favors intravascular over 
parenchymal accumulation of AP in AD brains (Chalmers 
et al., 2003). 

Degenerative changes of the cerebral vessels and BBB 
in AD patients were directly shown in autopsies and bio- 
psies (Joachim et al., 1988; Arai et al., 1989; Stewart et al., 
1992; Perlmutter, 1994; Vinters et al., 1994; Claudio, 1996; 
Farkas et al., 2000; Aliev et aL, 2003; Jellinger and Attems, 
2005; Zlokovic, 2005). As was concluded by Joachim et al. 
(1988) who studied results of autopsy in the 150 cases, 
amyloid angiopathy was a constant accompaniment of 
AD. These findings, as well as results obtained on trans- 
genic mice led some investigators to the suggestion that 
the primary cause for the onset of AD (caused both cardi- 
ovascular disorders and genetic factors) is cerebral vascular 
pathology leading to the impairment of the barrier function 
of die BBB (Jancso et al.. 1998; Kalaria, 1999, 2003; 
Miyakawa et al.. 2000; de la Torre, 2002, 2004; Aliev 
et aL, 2003; Kumar-Singh et al., 2005). In the next section 
I will discuss putative mechanisms underlying the connec- 
tion between a brain immune privilege impairment and AD. 

Alzheimer's disease may have autoimmune etiology 

At present, many authors accept that the immune system is 
involved in the etiology of AD. An essential part of AD 
pathogenesis is the inflammatory process contributing to 
neurodegeneration (McGeer et aL, 1989; McGeer and 
Rogers, 1992; Singh, 1997; Matyszak, 1998; Gahtan and 



Overmier, 1999; Gonzalez-Scarano and Baltuch, 1999; 
Halliday et al., 2000; Akiyama et al., 2000; McGeer and 
McGeer, 2001; Weninger and Yankner, 2001; Aisen, 2002; 
Eikelenboom and van Gool, 2004).^ According to the most 
common viewpoint, amyloid deposition is the primary fac- 
tor, which triggers local inflammation involving intrace- 
rebral microglia (and probably astroglia) that produce a 
broad spectrum of inflammatory factors. However, in con- 
trast to this viewpoint, some findings suggest that conver- 
sion of soluble Ap into its fibrillar neurotoxic form is an 
offshoot of the more fundamental degenerative process 
initiated by inflanamation (see Ringheim and Conant, 
2004 for review). 

Independent of the cause/effect relationships between 
the formation of amyloid plaques and brain inflammation, 
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Fig. 1. The illustration of the autoimmune hypothesis for AD. Immu- 
noglobulins and T cells penetrate the impaired BBB and produce an 
autoimmune reaction leading to specific degeneration of the neurons 
involved in memory storage and retrieval. In addition, T cells activate 
microglia that induce local inflammation. Activated microglia may 
perform the function of antigen-presenting cells (see text for further 
explanations) 



These findings have led to an idea of using anti-inflammatory agents to 
prevent or alleviate AD symptoms. However clinical trials gave discrepant 
results (see Akiyama et al., 2000 for review). According to some authors 
anti-inflammatory drugs inhibit the progress of AD (McGeer and Rogers, 
1992; Breitner et al., 1995; Rich et al., 1995; Stewart et al., 1997), whereas 
others did not conflrm this conclusion on a beneficial effect of anti-inflam- 
matory therapy (Aisen, 2002; Wolfson et al., 2(X)2; Eikelenboom and van 
Gool, 2004). 
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the concept that the pathogenesis of AD is solely connected 
with the intracerebral innate immune system resulting in an 
inflammatory process in the brain has at least two serious 
limitations. It does not accommodate for the tight connec- 
tion between BBB dysfunction and the development of AD. 
More importantly, this concept does not explain the reason 
for specific degeneration of neurons involved in memory 
storage and retrieval since it is reasonable to expect that an 
inflammatory process have to lead to non-specific degen- 
eration of all neurons. 

The alternative concept suggests that AD is an autoim- 
mune disease and that the adaptive immune system plays a 
significant role in its pathogenesis (Fig. 1). This concept is 
based on the results obtained in postmortem immunostain- 
ing studies of AD brains and "control" brains taken from 
individuals of a similar age. These studies have revealed 
significant penetration of blood proteins, including Igs, into 
the brain parenchyma of AD patients (Ishii and Haga, 
1976; Mann et al., 1982; Licandro et al., 1983). Strong 
immunostaining by the anti-immunoglobulin serum was 
observed in those cortical areas that contained numerous 
amyloid plaques, whereas only minor staining was ob- 
served in the areas where few plaques were found. The 
authors suggested that autoimmune factors could be in- 
volved in AD neurodegeneration. However, others argued 
that Igs are not prominent in AD brains, which led them to 
conclude that classical autoimmunity is not primary 
involved in AD (Watts et al., 1981). 

The detailed study of a link between a faulty BBB and 
neuron death in AD patients was recently performed by 
D'Andrea (2003). The author analyzed postmortem hippo- 
campal and entorhinal tissues from AD patients by using 
polyclonal anti-Ig antibodies, which recognized all major 
classes of Igs. As compared to the age-matched controls, a 
significant increase in Ig staining was detected in both 
parenchyma and individual neurons of AD tissue (35- 
40% of neurons in AD brains versus <5% in control tissue). 
Most of the Ig"*" neurons were undergoing degeneration 
typical of AD. The Ig^ neurons were intermixed with 
non-degenerating Ig~ neurons. This is consistent with data 
showing that only specific neurons are vulnerable to AD 
(see above). 

D'Andrea discussed two hypotheses regarding the cause/ 
effect relationship between Ig positivity in neurons and 
their degeneration. The autoimmune hypothesis suggests 
that the immune system attacks neurons after a BBB im- 
pairment. In this case, Igs binding to autoantigens exposed 
on specific neurons, which are involved in the memory 
storage (see above), leads to their degeneration and death. 
The alternative hypothesis suggests that the neurons under- 



going degeneration during AD express "stress" proteins 
serving as targets for Igs. In this case, the Ig positivity of 
neurons is the secondary effect of AD but not its cause. 
D'Andrea advocates the first hypothesis because, in addi- 
tion to the neurons showing signs of degeneration, some 
seemingly healthy neurons were Ig positive as well. This 
implies that Ig binding precedes morphological degenera- 
tion. If the alternative hypothesis were correct, one could 
expect that Ig binding would appear either simultaneously 
or after degeneration, and that some Ig" neurons would 
have morphological signs of degeneration. Yet neither of 
these expectations was confirmed in the postmortem immu- 
nostaining study (D'Andrea, 2003). Later, additional evi- 
dence to support the autoimmune hypothesis of AD was 
obtained (D'Andrea, 2005). It was found that the Ig"*" neu- 
rons were destroyed via the classical pathway of the com- 
plement system activated by antigen-antibody complexes 
and that microglia, performing a phagocytic function in 
the brain (see Kim and de Vellis, 2005 for a recent review), 
are more associated with the Ig*** neurons than the Ig" 
neurons. 

The hypothesis on the role of humoral immunity in AD 
was recently reviewed by Bouras et al. (2005). These 
authors also concluded that Igs penetrate into the brain 
after an impairment of the BBB and their effects .on neu- 
ronal pathology can occur at the very early stages of the 
degenerative process prior to formation of neurofibrillary 
tangles. 

Additional support for the autoimmune hypothesis of 
AD was obtained in studies of the potential role of T lym- 
phocytes in AD pathology. Although lymphocytes are gen- 
erally able to penetrate the BBB, only a few T lymphocytes 
are present within the normal brain. In contrast, significant 
numbers of both CD4 and CDS T cells are present in the 
hippocampus and temporal cortex obtained from the AD 
patients (Itagaki et al., 1988; Rogers et al., 1988; McGeer 
et al., 1989; Singh, 1997; Neumann, 2001; Togo et al., 
2002). This finding was confirmed in experiments on rats. 
It was shown that intracarotid injection of A|3 leading to 
BBB disruption enhanced T lymphocytes migration toward 
the brain (Farkas et al., 2003). T cell penetration in the 
brain is accompanied by a markedly increased expression 
of major histocompatibility complex (MHC) classes I and 
II molecules, which are necessary for antigen presentation 
and binding to T cells. MHC molecules are mainly pro- 
duced by microglia concentrated in areas showing hallmark 
AD pathology (Itagaki et al., 1988, 1989; Rogers et al., 
1988; McGeer et al., 1989; Mattiace et al„ 1990; Gonzalez- 
Scarano and Baltuch, 1999; Szpak et al., 2001; Perlmutter 
et al., 1992; Kim and de Vellis, 2005; Walker and Lue, 
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2005). In AD cases, neocortical microglia have the mor- 
phology of so-called "activated microglia", with plump 
somas and thickened processes (Perlmutter et al., 1992). 
Activated microglia surrounding degenerating neurons 
were also found in the neocortex and hippocampus of 
transgenic mice expressing human mutant APP (Stalder 
et al.. 1999; Wegiel et al., 2004; Simard et al., 2006). This 
suggests that the microglial cells, which are able to phago- 
cytose and display antigen fragments associated with MHC 
molecules on their surface, may mediate the function of 
antigen-presenting cells (see Kim and de Vellis, 2005). 

Although most authors emphasize that the significance 
of T cells in the pathogenesis of AD remains unclear, one 
can hypothesize that the increased migration of T lympho- 
cytes into the specific areas of the brain occurs as a result of 
a BBB impairment and that it is one of the manifestations 
of an autoimmune reaction against one's own neurons 
involved in learning and memory. This hypothesis was dis- 
tinctly formulated by Singh (1997) as follows: "AD . . . 
may be a cell-mediated neuroautoimmune disease perhaps 
initiated by the activation of the CD8-I- arm of the immu- 
noregulatory network; CD4-I- T cells ... may also be 
involved." 

It should be stressed that the autoimmune basis of neu- 
ron degeneration during AD does not contradict an in- 
volvement of the inflammatory process mediated by the 
intracerebral innate immune system (see above). Igs and 
T lymphocytes permeating the BBB and bending antigen- 
bearing neurons will induce inflammation through the 
activation of microglia (Fig. 1; see also Singh, 1997; 
D' Andrea, 2005; Kim and de Vellis, 2005). Such an inflam- 
matory process would be localized in the vicinity of neu- 
rons primarily attacked by the adaptive immune system. As 
most other autoimmune diseases (Abbas and Lichtman, 
2003), AD is chronic and slowly progressive. 

Autoimmune hypothesis of AD and theories 
of declarative memory 

The idea that AD results from a subtle, permanent auto- 
immune reaction against specific antigens, exposed by the 
neurons responsible for memory storage, raises the ques- 
tion of the origin and nature of these antigens. It is plau- 
sible to suggest that the origin of these antigens is directly 
related to the function of these neurons to carry memory 
traces. Therefore, identification of the specific antigens 
would be crucial to understanding the neural mechanisms 
of memory. This brings us to the discussion of how the 
hypothesis that new antigens are produced by the memory- 
related neurons after the formation of the brain immune 



privilege fits with the existing theories of learning and 
memory. 

A key characteristic of declarative memory is its po- 
tential permanency. As everybody knows from personal 
experience, we can recall facts and events that occurred 
in childhood and have not been recalled in many years. 
Special psycho-physiological studies indicate that people 
can store large amounts of information over the entire life- 
span, even if this information is useless or never used. For 
example, in the study of elderly individuals who had taken 
a Spanish course in school but never used Spanish later, it 
was found that large portions of the originally acquired 
knowledge remained accessible for over 50 years (Bahrick, 
1984). A similar result was obtained in a study of memory 
for the names and faces of high school classmates. The 
participants were able to recognize about 90% of portraits 
of their classmates 35 years after graduation (Bahrick et al., 

1975) . The inability to recall certain memories does not 
necessarily mean that the traces of information are deleted 
from the brain. The fact and events that seem to be com- 
pletely forgotten may be revived in a hypnotic state (Luria, 

1976) or in response to electrical stimulation of the tem- 
poral lobe during brain surgery (Penfield, 1958). 

The synaptic plasticity hypothesis of memory 

Memorizing new facts and events means that certain phy- 
sical changes occur within the brain. The lifetime persis- 
tence of declarative memory suggests that these changes 
are extremely stable. The prevailing hypothesis of long- 
term memory, the synaptic plasticity hypothesis, assumes 
that traces of memory are stored through the structural 
modifications of synaptic connections resulting in changes 
in synaptic efficiency and, therefore, in formations of new 
patterns of neural activity. These structural modifications 
require intensive protein synthesis and, indeed, it is well 
established that inhibition of protein synthesis precludes 
the consolidation of long-term memory (see Davis and 
Squire, 1984 for a review). According to the synaptic plas- 
ticity hypothesis, input signals act on the glutamatergic 
receptors of the targeted hippocampal neurons resulting 
in Ca^"^ influx. Ca^"^ initiates an intracellular signaling 
cascade: the activation of the Ca^"*" -binding protein calmo- 
dulin and adenylyl cyclase, the increased synthesis of 
cAMP, and the activation of several protein kinases. Acti- 
vated kinases are translocated to the cell nucleus, where 
they phosphorylate the cAMP response element-binding 
protein (CREB). CREB binds to the cAMP-response ele- 
ments (CRE) of the promoter regions of its target genes and 
stimulates their transcription. The products of these genes 
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are transcription factors themselves, and regulate the tran- 
scription of the downstream genes. The final step of this 
cascade is the activation of the genes responsible for the 
synthesis of the structural proteins involved both in the 
modification of preexisting synapses and in the formation 
of new ones (reviewed by Kandel, 2001; Silva, 2003; 
Lamprecht and LeDoux, 2004; Thomas and Huganir, 
2004). 

Which of the molecules involved in synaptic rearrange- 
ments could be recognized as non-self antigens? Only 
those molecules that would appear after the brain immune 
privilege is formed. Brain capillaries start to differenti- 
ate into the BBB during the late embryogenesis and the 
formation of the BBB is completed shortly after birth 
(Leibowitz and Hughes, 1983; Vorbrodt et al., 2001; 
Schulze and Firth, 1992; Stonestreet et al., 1996; Lossinsky 
and Wisniewski, 1998). By that time, most synaptic con- 
nections have already been formed and all proteins in- 
volved in synaptic transmission are present in the brain. 
Modifications of the existing synaptic connections do not 
require synthesis of novel proteins, but rather an enhanced 
syndiesis of already existing proteins. Therefore, proteins 
synthesized to establish new synaptic connections in the 
process of memory formation are unlikely to be recognized 
by the immune system as non-self antigens. It is more 
plausible to suggest that immunogenic proteins may be 
produced to mark the distinction between naive plastic 
synaptic connections and those formed in the process of 
memory consolidation. 

The permanency of declarative memory means that its 
consolidation includes not only changes in the strength of 
synaptic connections, but also an irreversible transfer of the 
synapses into a rigid state protected from any further 
changes. As was highlighted by Bailey et al. (2004), 
"... the structural change once initiated is not sufficient 
as a maintenance mechanism for long-term memory. The 
structural change itself must be actively maintained." 
Different intraneural mechanisms contributing to the local 
stabilization of learning-related synaptic modifications has 
been suggested (Bailey et al., 2004; Kelleher et al.. 2004; 
Routtenberg and Rekart, 2005). In particular, it has been 
hypothesized that the conversion of the neuron-specific iso- 
form of cytoplasmic polyadenelation element binding pro- 
tein (CPEB) to its self-perpetuating prione state helps to 
maintain long-term synaptic changes (Bailey et al., 2004; 
Si et al., 2003a, b). It is possible that the mechanism main- 
taining the stability of learning-related synaptic modifica- 
tions includes the production of novel, non-preexisted 
macromolecules that might be recognized by the immune 
system as immunogenic. 



The genomic hypothesis of memory 

An alternative, genomic hypothesis of declarative memory 
suggests that acquired information is stored within indivi- 
dual neurons through modifications of DNA molecules, and 
that these modifications serve as the carriers of elementary 
memory traces. This hypothesis was distinctly formulated 
by Crick (1984) and Davis and Squire (1984) in their 
attempt to explain the permanency of memory. Later, the 
genomic hypothesis was supported by several other authors 
(Holliday, 1999; De Fonzo et al., 2000; Dietrich and Been, 
2001; Peiia de Ortiz and Arshavsky, 2001; Arshavsky, 
2003a, b; Pena de Ortiz et al., 2004; Levenson and Sweatt, 
2005). Pena de Ortiz and Arshavsky further developed 
the genomic hypothesis of memory (Pena de Ortiz and 
Arshavsky, 2001; Arshavsky, 2003a, b; Pena de Ortiz 
et ah, 2004) by proposing that permanent memory storage 
occurs via a mechanism of somatic DNA recombination 
similar (although not identical) to DNA recombination in 
the cells of the immune system. Because DNA changes 
resulting from somatic recombination cannot be reversed 
or altered (Hochedlinger and Jaenisch, 2002), the recombi- 
nant genes would provide a stable basis for the storage of 
memory. Memory traces coded by recombinant DNA can 
be deleted firom the brain only with the death of proper 
neurons. 

Experimental data, supporting the hypothesis that 
somatic recombination occurs in postnatal neurons and 
may be involved in long-term memory, have been obtained. 
As shown in Fig. 2, the process of DNA recombination is 
initiated by RAGl and RAG2. It was found that the process 
of object recognition learning was impaired in RAG! 
knockout mice (McGowan et al., 2004). Furthermore, 
DNA recombination critically depends on NHEJ factors re- 
sponsible for the DNA double strand break repair (Box 1). 
It has been shown that the level of NHEJ activity in adult 
rodents is higher in the brain, including the neocortex and 
hippocampus, than in other tissues (Ren and Pefia de Ortiz, 
2002). In rats, intracerebroventricular infusion of the DNA 
ligase inhibitor blocked long-term memory of conditioned 
taste aversion (Wang et al., 2003) and context fear condi- 
tioning (Colon-Cesario et al., 2006) without affecting 
short-term memory. One of the enzymes participating in 
DNA recombination is TdT (Box 1). To determine whether 
the product of the tdt gene is related to learning and mem- 
ory, the expression of the tdt gene was studied in mice 
reared within standard and enriched environments (Pena 
de Ortiz et al., 2003). Obviously, mice reared in enriched 
conditions had more possibilities for experience-dependent 
learning. Experiments were performed on C57B1/6 and 



Box 1. Mechanism of somatic DNA recombination in the immune system 

V(D)J recombination is of fundamental importance to the production of the antigen-recognizing immunoglobulins and 
T-cell receptors (Abbas and Lichtman, 2003). Briefly, the antigen-binding molecules include a variable region generated 
by a combination of noncontiguous V (variable), D (diversity) and J (joining) genes. Their exons consist of a set of non- 
identical segments. The number of V, D, and J segments is approximately equal to 1000, 15 and 4, respectively (Germline 
DNA in Fig. 2). The joined V and J or V, D, and J gene segments create a single coding unit (Rearranged VDJ gene). The 
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Fig. 2. A scheme of V(D)J recombination. 
Germline DNA: Hypothetical germal DNA 
containing variable (V), diversity (D) and 
joining (J) segments of genes to be rear- 
ranged. (A) Somatic recombination of D 
and J segments. RAG- 1 and RAG-2 ran- 
domly bind to RSSs, flanking both seg- 
ments, and introduce the double-strand 
breaks. The deleted portion of a chromo- 
some between two segments forms circular 
DNA. The non-homologous DNA end join- 
ing reaction is performed by the NHEJ 
machinery, which includes the Ku70, 
Ku80 and DNA-PKcs complex (DNA- 
PK), the XRCC4/DNA ligase IV heterodi- 
mer and TdT (see text for explanation), (B) 
Somatic recombination of V and D seg- 
ments. V gene segments are joined to rear- 
ranged D-J segments. At the end of the 
reaction, a Rearranged V(D)J gene is pro- 
duced, which encodes the variable portion 
of immunoglobulins or T-cell receptors 
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Box 1 (continued) 

random nature of recombination makes a contribution in high diversity of antigen receptors with a relatively modest 
investment of genetic material. 

Figure 2 illustrates the main factors involved in the process of the V(D)J recombination. It is initiated by specific 
endonucleases (RAGl and RAG2) which bind to recombination signal sequences (RSS) flanking germal V, D, and J 
gene segments. RAGl and RAG2 introduce double-strand breaks between gene segments and RSSs. The ends of the 
broken DNA molecules are recombined by a non-homologous end joining (NHEJ) mechanism. This phase of V(D)J 
recombination depends on end-joining enzymes including the Ku70 and Ku80 proteins, DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs), X-ray cross-complementation factor 4 (XRCC4) and DNA ligase IV. DNA-PKcs, Ku70 
and Ku80 are three subunits of the DNA-activated protein kinase (DNA-PK), which initiate the NHEJ reaction. 
Activated DNA-PK phosphorylates XRCC4, which forms a complex with DNA ligase IV. The DNA ligase IV/XRCC4 
heterodimer completes the ligation of DNA double-strand breaks. 

The mechanism of junctions between gene segments includes an additional source of diversity. This source is the 
insertion of template-independent nucleotides (N nucleotides) to exposed 3' segment termini in the course of V(D)J 
recombination. N-region diversity results from the activity of a unique DNA polymerase, terminal deoxynucleotidyl 
transferase (TdT), which lacks template direction. The function of TdT is to add 1-20 random nucleotides to the 3' ends 
of double strand breaks of V, D, and J segments in the process of their joining. 



DBA/2 inbred mice known as good and poor learners, re- 
pectively. The level of tdt expression was found to be sig- 
nificantly higher within the hippocampus, cerebellum and 
neocortex of C57B1/6 mice reared in enriched conditions. 
Control experiments on DBA/2 mice showed no increase 
in tdt expression in response to enriched rearing. An invol- 
vement of TdT in the process of memory storage was also 
demonstrated on tdt knockout mice tested in a hippocam- 
pus-dependent spatial discrimination task. In contrast to 
wild type animals, knockout mice learned rather poorly 
and lost traces of memory after an interruption in training. 
Although the results described in this paragraph are not 
sufficient to prove the genomic mechanism of memory, 
they may stimulate further investigation in this direction. 

The genomic hypothesis of memory storage is well con- 
sistent with the existence of brain immune privilege (Pefia 
de Ortiz and Arshavsky, 2001; Arshavsky, 2003a; Pena de 
Ortiz et al., 2004), Recombinant genes responsible for car- 
rying traces of permanent memory have to code entirely 
novel proteins that had not existed at the time when the 
immune system sorted between self and non-self. Upon the 
disruption of the BBB, the immune system would be 
expected to recognize these de novo synthesized proteins 
as non-self antigens. The presence of these proteins might 
serve as a source of autoimmunity during AD. Thus, the 
genomic hypothesis brings together the mechanism of 
memory permanency, the role of brain immune privilege, 
and the etiology of AD. 

Since the genomic hypothesis of memory suggests that 
recombinant genes serve as permanent templates for 



novel protein products, the most intriguing issue would 
be how the brain uses these putative proteins. Different 
hypothetical scenarios are possible. One of them sug- 
gests that modified DNA determines the permanency in 
changes of synaptic connections (Hilschmann et al., 
2001; Frank and Kemler, 2002). Another possibility is 
that modified genes determine changes of intrinsic neuron 
properties, such as an excitability and response pat- 
terns to income signals (Zhang and Linden, 2003) or 
some unknown properties that render cortical neurons to 
be carriers of consciously-retrieved traces of memory 
(Arshavsky, 2003a). 

Conclusion 

Recent findings strongly suggest that AD is an autoimmune 
disease resulting from a breakdown of the BBB and brain 
immune privilege. The autoimmune response targets spe- 
cific classes of neurons responsible for learning and mem- 
ory. This line of logic provokes a hypothesis that these 
neurons contain antigens, which appear postnatally in the 
process of memory acquisition and consolidation. While 
still speculative, this hypothesis might stimulate new ap- 
proaches to studies of neural mechanisms underpinning 
memory consolidation and its breakdown during AD. 
According to this hypothesis, identification of the putative 
antigens causing the autoimmune response during AD may 
be essential for understanding the etiology and prevention 
of AD, as well as for elucidating molecular and cellular 
mechanisms underlying the permanent memory storage. 
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Summary. In this paper we discuss the im- 
portance of the blood-brain barrier (BBB) as 
an interface between blood and brain. Many 
(brain) diseases change the functionality and 
integrity of the BBB. Mostly this results in in- 
creased BBB permeability. Therefore we have 
studied de various signal transduction routes 
that are influenced by inflanmiatory stimuli. 
The radical scavenger N-acetylcysteine was 
able to protect the BBB against inflammatory 
stimuli. Similar results were found following 
application of glucocorticoids. In addition, it 
was observed that glucocorticoids and in- 
terferon-a,p increased the tightness of the 
in vitro BBB and when given together a po- 
tentiating effect was seen. 

Keywords: In vitro blood-brain barrier, cell 
culture, permeability, inflammatory disease, 
gluocorticoids, interferon-a,p. 

Introduction 

The blood-brain barrier (BBB) is the inter- 
face between blood and brain. It protects the 
brain against undesirable penetration of com- 
pounds and cells. The BBB is locahzed in the 
capillary endothelial cells in the brain. The 
special properties of these cells are main- 
ly induced by brain cells (e.g. astrocytes). 
Therefore, in this context, the BBB can be 



considered as an organ that protects and 
maintains the homeostasis of the brain. Many 
diseases with an inflammatory component 
like multiple sclerosis, meningitis, enceph- 
alitis, ischemic stroke, head trauma, neuro- 
degenerative diseases like Parkinson's and 
Alzheimer, AIDS-related dementia, change 
the functionality and/or integrity of the BBB 
and thus brain homeostasis. In this paper 
we describe the effects of lipopolisaccharide 
(LPS) with and without the application of 
glucocorticoids and the radical scavenger 
N-acetylcysteine (NAC), and the interaction 
between glucocorticoids and type 1 inter- 
ferons (INF-a,P) on the permeability of the 
in vitro BBB. 



Barriers in the brain 

Principally drug transport from blood to brain 
is limited by two barriers, the blood-brain 
barrier (BBB) and the blood-cerebrospinal 
fluid barrier (Fig. 1) (de Boer et al., 2003). 
The BBB is presented by the capillary en- 
dothelium in the brain, while the blood- 
cerebrospinal fluid barrier is presented by the 
epithelium of choroid plexi in the ventricles 
in the brain. A third barrier is presented by an 
epithelial cell layer (the ependyma) that lim- 
its the transport of drugs and cells from the 
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Fig, !• An overview of the various barriers in the 
brain. Drugs can enter the brain via the BBB or the 
B-CSF barrier. The ependyma covers the brain tissue 
and presents a barrier for the transport between brain 
and the CSF (de Boer et al., 2003) 

cerebrospinal fluid to the brain tissue and 
vice versa. Since the surface area of the 
BBB is about 1000 times larger than the area 



of the blood-cerebrospinal fluid barrier, it can 
be considered as the most important barrier 
for the transport of drugs to the brain. In 
addition, the BBB functions not only as a dy- 
namical physical barrier but also as a met- 
abolic and an inmiunological barrier to the 
brain. Its functionality is affected by physio- 
logical processes and diseases that subse- 
quently may also influence the paracellular 
and transcellular transport of drugs. 

Properties of the BBB 

The capillary endothelium in the brain has 
special properties when compared to periph- 
eral capillaries. It has narrow tight-junctions, 
no fenestrate, low pinocytotic activity and a 
continuous basement membrane. In addition, 
the endothelial cells have a negative surface 
charge that repulses negatively charged com- 
pounds. They have many mitochondria and 
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Fig. 2. The various properties of the BBB and the mechanisms for transport of drugs including the localization of 
the P-glycoprotein efflux system. Drugs may be transported by passive hydrophilic transport via the tight- 
junctions, passive lipophilic transcellular transport and adsorptive-, carrier-, and receptor-mediated transcytosis. 
Enzymatic breakdown may occur intra- and extra-cellularly while compounds may be effluxed by e.g. P-glyco- 
protein. Astrocytes induce the typical BBB properties. Gamma-GTP gamma-glutamyl-transpeptidase, GST glu- 
tathion S-transferase, NADPH-cyp reductase NADPH-cytochrome P450 reductase, MAO monoamine oxidase 
type A and B, t/Cr UDP-glucuronosyl transferase, AAD L-amino-acid decarboxylase, COM7catechol-0-methyl 
transferase, BChE butyryl-cholinesterase (modified from de Boer et al., 2003) 
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enzymes to break down compounds and var- 
ious selective transport systems to actively 
transport nutrients and other compounds 
(e.g. drugs) into and out of the brain (Fig. 2) 
(de Boer et aL, 2003). The narrow tight- 
junctions result in a high electrical resistance 
of 1500-2000 Ohm -cm^ (Butt, 1995). In 
contrast, capillaries in the circum-ventricular 
organs like the area postrema or medial emi- 
nence are fenestrated and therefore more per- 
meable for compounds from blood (Wilting 
and Christ, 1989; Wilting et aL, 1995). The 
endothelium has the property to transdiffer- 
entiate from one phenotype to another and 
vice versa by environmental factors released 
by astrocytes in the brain which induce 
many properties in the capillary endotheUum 
(Augustin et al., 1994; Janzer and Raff, 1987). 
The present understanding of the BBB is that 
it functions as a dynamically regulated or- 
gan, influenced by peripheral (e.g. Cortisol, 
adrenaline) and local (e.g. cytokines, che- 
mokines) hormones. In addition, several 
cells like pericytes, neurones and cells of 
the immune system, influence its properties 
(Ramsauer et al., 1998). Next to that, die en- 
dothelium is involved in other processes like 
coagulation, control of vasotonus, antigen- 
presentation and the control of the basement 
membrane by e.g. growth factors. Par- 
ticularly, under pathological conditions like 
brain and cerebral inflammation, angiogen- 
esis in brain tumours, the activated endo^ 
thelium plays an important role (Pardridge, 
1991). 

Concluding one can say that physiologi- 
cal basis of the BBB is presented by the 
capillary endothelium togedier with the var- 
ious surrounding cells and compounds pres- 
ent in these capillaries. Insight into the 
dynamics of these systems and knowledge 
of physico-chemical properties, pharmacoki- 
netics and pharmacodynamics of drugs, gives 
the possibility to understand BBB function- 
ality and to improve protection against and 
recovery from damage. 



In vitro BBB co-culture model 

Research on BBB functionality /recovery has 
been very much enhanced by the availability 
of in vitro BBB (co)-culture systems and 
many efforts have been made to develop such 
systems (Audus and Borchardt, 1986; de 
Boer and Sutanto, 1997; Dehouck et al., 1990; 
de Boer and Gaillard, 2002; Gumbleton and 
Audus, 2001). In addition, the use of such 
systems allows to study in detail BBB related 
phenomena at the (sub)-cellular level in the 
absence of feedback systems from the rest of 
the body. This makes it much easier to study 
in vitro BBB functionality and BBB (drug) 
transport by (pharmacological) intervention 
techniques like the application of receptor 
agonists and antagonists, blockers of trans- 
porters and enzymes, antisense and antigene 
approaches and the influence of disease. The 
culture of the in vitro BBB involves the iso- 
lation of capillaries and culture of BCEC 
alone or in combination with astrocytes or 
astrocyte conditioned medium. We have de- 
veloped in our laboratory an in vitro BBB co- 
culture system comprising bovine brain 
capillary endothelial cells and new bom rat 
astrocytes (Gaillard et al., 2001). This model 
has been well characterized and has a rela- 
tively high electrical resistance, a small para- 
cellular permeability and expresses various 
transporters e.g. Pgp (Gaillard and de Boer, 
2000). 

BBB and (inflammatory) disease 

The BBB is sensitive to the pharmacody- 
namic effects of (endogenous) compounds 
and disease mediators that may result in 
changed BBB functionality. Increased BBB 
permeability for blood compounds has been 
observed under the influence of diseases, like 
multiple sclerosis (Williams and Hickey, 
1994), Alzheimer (Mattila et al, 1994), AIDS- 
related dementia (Poland et al., 1995), enceph- 
alitis and meningitis (Tunkel and Scheld, 
1993), high blood pressure, seizures and by 
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psychiatric diseases (Black, 1995; Miiller, 
1995). Excessive amounts of neurotramsmit- 
ters, cytokines, chemokines and peripheral 
hormones, can influence BBB functionality. 
Particularly, excitatory amino acids (Kustova 
et aL, 1999), radical nitrogen (Merrill and 
Murphy, 1997) and oxygen (Lagrange et aL, 

1999) species, and pro-inflammatory cyto- 
kines (Tsao et al., 2001; Blamire et al,, 

2000) are able to change BBB functionality 
and permeability. Bacterial endotoxins like 
LPS, have shown to increase BBB perme- 
ability in vitro via several signal transduction 
routes (Fig. 3) (Boje, 1995; Gaillard et al., 
2003). In addition, in vivo (rats) it was shown 
that an inflammatory stimulus at the level of 
the BBB, such as occur under inflanmiatory 
disease conditions (in experimental allergic 
encephalomyelitis: which is a model for 
multiple sclerosis), BBB functionality was 
changed while a systemically administered 
inflanmiatory stimulus (LPS) did not (de 
Vries et al., 1995). 

To date, glucocorticoids (i.e. methyl- 
prednisolone and prednisone) are the most 
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Fig. 3. The various endothelial signal transduction 
routes and intracellular intermediates that are involved 
in changed permeability of the in vitro BBB following 
exposure to lipopolysaccharide (LPS). ROS radical 
oxygen species, NF-kB nuclear factor-kappa-B, NF- 
IL6 nuclear factor-interleukine-6, AP-1 activation- 
factor- 1, PAF platelet activating factor (modified from 
Gaillard et al.. 2003) 



widely used drugs for the treatment of the 
acute exacerbations in multiple sclerosis 
(MS) because of their anti-inflammatory and 
inraiunomodulatory properties, but also for 
their beneficial effect on the BBB (Schluep 
and Gogousslavsky, 1997). In addition, re- 
combinant human interferon-beta lb (IFN-P) 
has been approved for treatment to pre- 
vent relapses and disease progression (IFNB 
Multiple Sclerosis Study Group, 1993; IFNB 
Multiple Sclerosis Study Group and Uni- 
versity of British Columbia MS/MRI 
Analysis Group, 1995). We have studied 
therefore these compounds with respect to 
their effect on the integrity of the in vitro 
BBB. 



Results and discussion 

With the in vitro BBB co-culture system 
we have pharmacologically investigated 
the signal transduction routes that were 
involved in the change in BBB functionality/ 
permeability following stimulation with LPS. 
The various routes have been indicated in 
Fig. 3. In addition, it can be seen that mono- 
layers of endothelial cells were not able 
to recover from an inflammatory stimulus 
(Fig. 4). In contrast, co-cultures of endothe- 
lial cells and astrocytes showed resistance to 
and recovery from an inflammatory stimulus 
and dose dependent protection by glucocor- 
ticoids was found following stimulation with 
LPS (Gaillard et al., 2003). Glucocorticoids 
(e.g. dexamethason) inhibit e.g. phospholi- 
pase-A2 and various genes but also activate 
genes that are involved in the cellular pro- 
tection and recovery. Monolayers of BCEC 
were less resistant and recovery was less 
following stimulation with LPS than co-cul- 
tures with astrocytes. Moreover, glucocorti- 
coids (dexamethason) were able to improve 
the recovery following an LPS stimulus 
(Fig. 4). Inhibition of signal transduction 
routes involving cyclo-oxygenase and lipoxy- 
genase did not give any protection against 
an LPS stimulus. Therefore, it was con- 
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Fig. 4. An overnight 100 nM dexamethason (DEX) 
pretreatment protects against the 50 ng/ml LPS-in- 
duced disruption of BCEC monolayers (top panel) 
and BCEC + astrocyte co-cultures (bottom panel) and 
enhances recovery. TEER trans-endothelial-electrical- 
resistance (modified from Hoheisel et al., 1998) 



eluded that other signal transduction routes 
were involved that played a more important 
role in the cellular damage following an LPS 
stimulus. For instance, following LPS treat- 
ment compounds like nitrogen monoxide 
(NO), superoxide anion (O2* ), hydroxyl rad- 
ical (OH*) and hydrogen peroxide (H2O2) 
may be produced. Therefore, we applied 
single radical scavengers like uric acid 



(that binds peroxynitrite) and monomethyl- 
L-arginine acetate (NMMA; that inhibits 
NO-synthase) but these did not give any pro- 
tection. In contrast, application of the multi 
radical scavenger N-acetylcysteine (NAC; 
that binds both NO and (62*)) gave a com- 
plete protection against an LPS stimulation 
(Gaillard et al., 2003). 

In our in vitro model of the BBB it was 
found that both glucocorticoids and type 1 
interferons (IFN-a,P) decreased the perme- 
ability of the BBB (i.e. increase of transen- 
dothelial electrical resistance (TEER)) in a 
dose- and time-dependent manner (Fig. 5) 
(Gaillard et al., 2001). In fact, the gluco- 
corticoid receptor agonist RU28362 was 
found to be about 100 fold more potent than 
the endogenous ligand corticosterone, where 
IFN-a was found to be about 10 fold more 
potent than IFN-p. In these studies, however, 
no effect of human IFN-y was observed, pos- 
sibly because of species differences between 
human IFN-7 and bovine endothelial cells 
(Pestka and Meager, 1997). Species differ- 
ences in the IFN-receptor may also explain 
the differences in potency found following 
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Fig. 5. Glucocorticoids and type 1 interferons 
have additive affects on the increase in TEER 
across BCEC -f astrocyte co-cultures: Corticosterone 
(lOOnM) gradually increased TEER across BCEC + 
astrocyte co-cultures, IFN-a (300U/ml) also gradu- 
ally increased TEER, where co-incubation of corticos- 
terone and IFN-a increased TEER in an additive 
manner (modified from Gaillard et al., 2001) 
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administration of IFN-a and BFN-P (Gaillard 
et aL, 2001) since we were using a xenogenic 
co-culture model. In addition, no data are 
available about the cross-reactivity of IFN-a 
in our cell culture experiments. Nevertheless, 
these findings may be relevant for the devel- 
opment of therapeutic strategies aimed to 
protect or restore the compromised integrity 
of the BBB associated with MS. Potentially 
also other BBB related diseases may benefit 
from such strategies. Furthermore, it was 
found that type 1 interferons highly poten- 
tiated the effect of glucocorticoids. This lead 
us to suggest that type 1 interferons may re- 
store the dysfunctional T helper 1 (Thl)/Th2 
balance associated with MS, by an increased 
sensitivity for glucocorticoids (Gaillard et al., 
2001). 

Conclusions 

It can be concluded that the blood-brain 
barrier is a functional system that can be con- 
sidered as an organ where various mecha- 
nisms and systems play an operational role, 
locally as well as in time. Therefore, the iso- 
lation and culture of brain capillary endothe- 
Ual cells (BCEC) has tremendously enhanced 
research on BBB functionality and our un- 
derstanding of drug transport across the BBB 
into the brain, particularly at the (sub)cellular 
level. The use of isolated systems, such as 
the BBB co-culture system, allows a detailed 
study of BBB related phenomena in the 
absence of feedback systems in the rest 
of the body. This makes it much easier to 
study in vitro BBB transport and BBB func- 
tionality by (pharmacological) intervention 
techniques. 

With the BBB co-culture system, we 
were able to study the functionality and re- 
covery of the BBB under disease (e.g. in- 
flammation) conditions. It was shown that 
glucocorticoids were able to protect the 
in vitro BBB against an inflammatory stim- 
ulus and to increase its recovery. The 



inhibition/scavenging of various intracel- 
lular mediators was investigated but only 
the multi-radical scavenger NAC was able 
to protect the in vitro BBB against damage 
caused by inflanmiatory stimuli (Hoheisel 
et al., 1998). 

Furthermore, it was shown that glucocor- 
ticoids and type 1 interferons were able to 
increase the electrical resistance (TEER) 
across the BBB endothelium (Gaillard et al., 
2003) similar to type-I interferon experi- 
ments that showed an enhanced TEER 
across the blood-retina barrier (Gillies and 
Su, 1995). In addition, recently these obser- 
vations were confirmed in-vitro in a human- 
and a bovine-blood-brain barrier cell culture 
system (Harzheim et al., 2004; Kraus et al., 
2005). Furthermore, using our in vitro BBB 
co-culture system, we have demonstrated a 
potentiating effect of type-I interferons on 
the glucocorticoid effect at TEER (Gaillard 
et al., 2001). 
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SUMMARY 

1. the specifioally regulated restrictive permeability barrier to cells and molecules 
is the most important feature of the blood-brain harrier (BBB). The aim pf this review 
was to summarize permeability data obtained on in vitro BBB models by measurement 
of transendothelial electrical resistance and by calculatioii of permeability coefficients for 
paracellular or triansendothelial tracers. 

2. Results from primary cultures of cerebral microvasc^ 

talized cell lines from bovine, human, porcine, and rodent origin are presented. Effects pf 
cocuUure with astroglia, neurons, mesenchynml cells, blood cells, and conditioned media, 
as well as physiological influence of serum components, hbrmoneSi growth factors, lipids, 
and lipoproteins on the barrier function arje discussed. 

3. BBB permeability results gained on in vitro models of pathological conditions in- 
cluding hypoxia and reoxygenation,neurodegerieratiye diseases, or bacterial and viral infec^ 
tions have been reviewed. Effects of (^okines, vasoactive mediators, and other pathogenic 
factors on barrier integrity are also detailed^ 

4. Pharmacological treatments mpdulating intracellular qyclic nucleotide or calcium 
levels, and activity of protein kinases, protein tyrosine phosphatases, phospholipases, cy- 
clooxygenases, or lipoxygenaises able to change BBB integrity are outlined. Barrier regu- 
lation by drugs involved in the metabolism of nitric oxide and reactive oxygen species, as 
well as influence of miscellaneous treatments are also listed and evaluated. 

5. Though recent advances resulted in development of improved in vitro BBB model 
systems to investigate disease modeling, drujg screening, and testing vectors targeting the 
brain, there is a need for checking validly of permieability mpdels and cautious interpreta- 
tion of data. 



KEY WORDS: blood-*brain barrier; cerebral endothelial cells; cpcultiire; iii vitro model; 
permeability; transendothelial electrical .resistance. 
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INTRODUCTION 

Since the discovery of blood-brain barrier (BBB) more than 100 years ago, its perme- 
ability barrier function has been in the focus of several generations of researchers. 
BBB can be defined as a dynamic interaction between cerebral endothelial cells 
constituting the anatomical basis of the BBB and other neighboring cells, such as 
astroglia, pericytes, perivascular microglia, and neurons. The cross talk between 
these cells endow endothelial cells with a unique BBB phenotype comprising not 
only the morphological barrier of interendotlaelial tight junctions (TJ), but also 
the enzymic and metabolic barriers, and the uptake and efflux transport systems 
(Abbott, 2005). ^ 

There are two tightly controlled pathways for molecules and cells to cross the 
BBB, namely the paracellular (junctional) and the transendothelial routes. One of 
the hallmarks of the BBB-phenotype is the restrictive paracellul^ir pathway, reg- 
ulated by interendothelial TJ. The importance of endothelial TJ in permeability 
regulation was first observed in the tracer experiments of Reese and Karnovsky 
(1967), and Brightman and Reese (1969). TJ not only restricts paracellular flux, but 
, also maintains polarity of enzymes and receptors on luminal and abluminal mem- 
brane domains. Tlie most important intejgral membrane TJ proteins include occludin, 
daudin-1 and -5, and junctional adhesion molecules (JAMs) (for review, see Krizbai 
and Deli, 2003; Matter and Balda, 2003b; Wolburg and Lippoldt, 2(X)2). 

Expression level of a certain TJ protein does not necessarily reflects changes in 
TJ permeability. Brain endothelial cell monocultures expressing high levels of oc- 
cludin may have low transendothelial electrical resistance (TEER) value (Rubin and 
iStaddon, 1999). Another good example is that complete loss of claudin-5 in knockout 
mice results in a selective increase in paracellular permeability for small molecules 
(Nitta et ai, 2003). In agreement with these observations, modulation of junctional 
permeability in cultured cerebral endothelial cells does not correlate with a loss of 
TJ proteins frotn the cellular contacts (Hamm et aL 2004). Therefore, indication 
of TEER value or permeability coefficient for a paraqellular pernieabilily marker 
should be a prerequisite in papers focusing on in vitro expression and fjinclional 
organization of TJ proteins at the BBB. 

Changes in the structure of TJ strands are also affecting BBB function. Re- 
distribution of TJ particles in the internal/external membrane leaflets of brain en- 
dothelium results in disturbed fence functioii, that is, altered polarity of glucose 
transporter-1 (GLUT-1) in stroke-prone spontaneously hypertensive ($HRSP) rats 
with no change in occludin, claudin-1, -5, aiid zonula occludens protein-l (ZO-l) 
expression (Lippoldt era/., 2000). Paracellular permeability, however, is regulated 
by diverse signaling cascades (Krizbaiand Deli, 2003; Rubin and Staddon, 1999). 

The transendothelial pathways are also restricted at the brain microvascula- 
ture. In contrast to peripheral endothelium, the rate of pinoeytosis is minimal, and 
free menibrane diffusion applies mainly to small lipophilic molecules, for exam- 
ple, ethanol or nicotine (Pardridge, 2002). Active of catalyzed transport systems 
can be divided into three main groups. Carrier-mediated bidirectional transport 
is responsible for nutrient uptake in the brain, these transporters include among 
others glucose transporter GLUT-1. monocarboxylic acid transporter MCTK large 
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^ (l^^^Z o^^^lT sodium-coupied nucleoside transporter 

am (Pardndge. 2002). Efflux transport is unidirectional and delivers metabo- 
lites ^and xSnobiotiw from brain to blood. P-Glycoprotein and MRP-1 multidrug 
resistance protems, bram multidrug resistance protein (ABCG2mCRP). Or organic 
anion-transporting polypeptide 0ATP2 belong to the rapidly growing group of ef- 
flux transporters at the BBB (de Boer et al., 2003; Kusuhara and Sugiyama, 2a)la b). 
Receptor mediated transport by endo- and transcytosis is important for the brain 
supply of peptides and proteins, such as low-density apoproteins, transferrin, leptin, 
and insulm (Banks. 1999; Pardridge, 2002). ' *^ ^ ' ''P""' 

■Specific enzymes expressed by brain endothelial ceUs (moRoamine oxidases, 
epoxy hydrolase, endopeptidases, etc.) are important elements of the BBB pheno- 
type constituting the so-caUed metabolic barrier, and participate in the regulation of 
brain penetration of drugs (Jo6, 1993; Pardridge, 2002). 

In vitro reconstituted models of the BBB from different mammaUan spedes 
have been employed since the late 1970s. However, their comparison is difficult 
because of the different species and methods used for isolation, culture, coculture, 
and characterization of the models (de Boer et ai., 1999). The importance of the 
permeability properties of in vitro BBB models, our present topic, is emphasized 
by recent reviews (Gumhleton and Audus, 2001; Reichel et aL, 2003). A report 
(Lundquist et ql , 2002) confirmed that the epithelial cells might not represent a valid 
and reliable in viteo BBB model, because results obtained on epithelial imonolayers 
correlated poorly with in vivo BBB permeability values. Permeability data of various 
in vitro BBB models using brain endothelial cells proved to be in strong correlation 
with in vivo cerebrovascular permeability coefficients (Cecchelli etoL, 1999; Dehouck 
et ai , 1 992b; Gumbleton and Audus, 2001; Reichel etaL 2003). 

Though the number of published papers in the field of in vitro BBB per- 
meability has been multiplied in recent years, to our knowledge no attempt has 
been made so far to collect data obtained on various models and systematically 
compare permeability properties published in the literature. This review aimed 
to summarize available permeability studies obtained on in vitro BBB models 
and compile data with relevance to BBB physiology, pathology, and pharmacol- 
ogy. Two basic measures were selected in our outline, TEER and endothelial per- 
meability coefficient (P^) for paracellular markers, to evaluate published in vitro 
BBB models. 



METHODS TO MEASURE PARACELLULAR 
PERMEABlUtV m VITRO 

TEER Measurements 

Since BBB as a permeability barrier restricts even the movement of ions, the 
most straightforward method to assess the tightness of a permeabili^ model is to 
measure TEER. On the basis of in vivo measurements by Crone and Olesen (1982) 
and others on pial microvessels, it is estimated that TEER of brain parenchymal 
microvessels exceeds 1000 Q cm^ (Gumbleton and Audus, 2001). 
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The first TEER measurements on culttired monolayers of brain endothelial cells 
were published in 1987 by the use of Ussing chamber setup (Hart et aL 1987; Rutien 
et al, 1987). Ilie measurement technique became much easier by the availability 
of commercial equipments. For cultures grown on microporous fillers or culture 
inserts most groups use Volt-Ohm resistance meters (World Precision Instrurnenis, 
Millipore, etc.) equipped with "chopstick" or chamber type electrodes. The chamber 
gives lower background TEER values, while repeated and fast tneasurcmenis of 
different treatment groups are easier by chopstiek electrodes. 

Data measured by custom devices are also available (Hoheisel c/a/. » 1998; RauK 
1996; Raub et aL, 1992; Stanness et ai, 1999; Tilling e( aL, 1998; Nitz et aL. 2003). 
Although the use of such equipments can be justified by special culture or modeling 
requirements, for example, dynamic BBB model (Stanness et aL. 1 999). it is diflicult 
to compare or repeat the obtained results in other laboratories. For comparison, the 
Galla group (Miinster, Germany) has published TEER values {4Qi>Q cm' for cells in 
serum and 700 Q cm^ for cells in serum-free condition) nieasured by Endphm cham^ 
ber (Franke etaL, 1999), which are lower than data (1200-1800 Q cm") measured by 
custom equipments in the same laboratory (Hoheisel et aL, 1998, Tilling et aL. 1998; 
. Nitz er a/,, 2003). 

^TEER is commonly expressed as resistance measured multiplied by the area of 
endothelial monolayer {Q cm^). The surface of filters vary considerably from type to 
type and range between 0.3 cm^(24-well format), I cm^ (1 2-well format ), and 42 cm- 
(6-well format). The measured resistance value of 100 Q in these three formats can 
be expressed as 33, 100, or 420 Q cm^, respectively, depending on the surface of the 
insert, therefore indication of the insert surface in publishe<i papers is useful 



Permeability Measurements and Coefficient Calculations 

The most important criterion for a probe to measure paracellular or junctional 
penneabitity is that it should not be a ligand for uptake or efflux transporters, brain 
endothelial receptorSvOr a substrate for an endothelial enzyme (monoaminooxidase, 
endopeptidase, etc.). 

Most tracers are labeled by a fluorescent dye or isotope that helps the quah- 
tificatioii of the molecule. Fluorescent probes include sodliim flupre^ein (m.w*: 
376 Da) and fluorescein isothiocyanate (FITC)-labeled various size^^d^^ (m>w.: 
1-150 kDa). The first [^"^CJsucrose (m.w.: 342 Da) flux measureriieht on brain en- 
dothelial monolayer was published by Bowman et aL (1983), arid since then radi- 
olabeled sucrose, inulin (m.w.: 5 kDa), or mannitol (m.W.: 1$2 0a) is among the 
most frequently used paracellular tracers. Albumin (m.w.: 67 kpa) is a nfiarker 
of transendpthelial permeability and it has been ob$erved in endothelial vesicles 
(Plateel et aL, 1997). Evans blue dye-albumin complex (Deli et aL. 1995b. 2(X)3). 
pHjalbumin (Plateel etaL, 1997), or biotin-albumin (Annunziala et aL. 1998) can 
be equally used for quantification of serum protein permeability. 

To calculate Pe endothelial permeability coefficient (Audus and Borchardl, 
1986a; Dehouck et aL, 1992a,b), flux of the selected tracer across monolayers and 
cell-free inserts is measured. Transport is expressed as microliter of tracer diffusing 
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from luminal to ahluminal compartments: 

Pearance(ML) = [concentratiQnabiuminai] x ivolumeabiummail 

x[concentrationiia„inai]"^ 

The average volume cleared is plotted versus time, and permeabiUty x surface area 
product value for endothelial monolayer (PSe) is calculated by the following formula: 

^^endothelial"' ^ ^^time-plotted"' ^ PSinjcrf' 

PSe divided by the surf ace area generates the endothelial permeability coefficient [P^ 
(cm/s)i . Modifications have been suggested in the calculation of in 5Htro permeability 
coefficient to achieve accurate, permeability status independent estimation of Papp 
apparent permeability (GaiUard and de Boer, 2000; Youdim et al, 2003). 

In vivp measured sucrose permeability data vary between 0.03 and 0.1 x 
10~^ cm/s in the rat (Gumbleton and Audus, 2001; Reichel et aL,7Q03), while in vitro 
Pe values are between 1 and 30 x 10"^ cm/s (Reichel et a/., 2003), and 0.08 and 42 
X 10"^ cm/s (Table I) for BBB models using primary cells of various mammalian 
species. 

The relationship between electrical resistance and transport of solutes is nonlin- 
ear. Because solute transport depends on the sum of transport across all junctional 
pathways, while TEER depends on areas with the lowest electrical resistance be- 
tween single cells (Madara, 1998). A threshold TEER value of 131 SI cm^ has been 
determined on an in vitro BBB models above which penneability coefficient for 
fluorescein remained independent of TEER status (Gaillard and de Boer, 2000). A 
consensus has been reached that reasonable information can be obtained on in vitro 
BBB models if the system shows a sufficiently high TEER of at least 150-200 Q cm^ 
(Gumbleton and Audus, 2001; Reichel era/., 2003)- It should be noted that on a repro- 
ducible porcine model with the highest TEER close to the estinlated in vivo value, the 
lowest published sucrose permeability coefficient has been measured approaching 
in vivo data (Franke ef aU 1999; Hoheisel et ai, 1998; Tilling et al, 1998) (Table I). 



IN VITRO BLOOD-BRAIN BARRIER MODELS 

By the successful isolation of viable microvessels, Ferine jop ahd 
opened the era of in vitro studies of the BBB 30 years ago and Karims^ 
1973). Subsequent experiments on this model provided imppitant cerebral 
endothelial receptors, transporters, and signaling mechahi$in$ (foif review se^ jo6, 
1985, 19.93). just 5 yeiafs later, the first observation on braiii nricrovbssel fend^ 
ceils in culture was published (Panula et al, 1978), and in the following decade, 
several culture methods have been elaborated. Hie first in vitro BBB filter model, 
adaptation of a technique already used in epithelial cell biology, was introduced 
in the early 198(te (Bowman et a/., 1983). The insert was made by the researchers 
using nylon mesh and polycarbonate tubing, and bovme brain endothelial cells were 
seeded on it for studying the effect of calcium-free medium and osmotic shock on 
sucrose flux (Bowman et aL, 1983). Since then, a variety of chambers and inserts 
from different materials and with diverse pOre sizes became commercially available. 
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However, the appropriate insert to use in permeability screens should be carefully 
selected, and permeability of cell-free inserts for each molecule tested has to be 
determined (Cecchelli er ^/., 1999). 

The cell culture insert/filter setup made it possible to use brain endothelial 
cells for coculture and permeability studies in vitro (Joo, 1992). The first studies 
used monocultures (Abbott er aL 1992; Bowman et aL 1981. 1983: Panula et aL 
1978; Rutten et al, 1987; Table I), but it turned out very soon, that cultivation 
of brain endothelial cells alone leads to loss of phenotype. for example, a specific 
enzyme, y-glutamyl transpeptidase, that can be restored by coculture with glial cells 
(PeBault and Cancilla, 1980). It has been demonstrated that astroglia induces the 
development of TJ in cerebral endothelial cells (for review see AbHbt t, 2(X)2: Haselof f 
er a/., 2005). The intercommunication between astrocytes and brain endothelial cells, 
however, has mutual benefits, and endothelial cells also produce factors, including 
leukemia inhibitory factor, which facilitate astrocyte differentiation (Mi et aL. 2(X)1 ). 
Itie results supported the use of brain endothelial ccll-astroglia coculturcs as in 
vitro reconstituted BBB models. Some systems use cells from different species in 
coculture, that is, bovine brain endothelial cells with rat astroglia (Dehouck et aL. 
1990) others are syngeneic, using for example human cerebral endothelial cells and 
humao astroglia (Kasa et aL, 1991 ) (Tables I-III). 

Other neighboring cells of endothelium in the brain microvasculature. such as 
neurons, pericytes, and monocytes/macrophages have also been tested in ccKulture 
with brain endothelial cells (Haselof f etaL, 2005: Tables I--II1). 

While all the above-mentioned BBB models are static, a new dynamic model 
has been recently developed by the group of Janigro (Krizanac-Benge/ <•/ aL. 2(X)3: 
Parkinson e(a/., 2003; Stanngss et aL, 1999; Table 1). This model has a 3-dimcnsipnal 
tube structure with a continuous flow of culture mediunl mimicking the physiological 
shear stress in blood vessels. 

The fact that extracellular matrix is crucial in the culture of brain endothelial 
cells and in the local control of TJ biogenesis has long been known ( Arthur et aL, 
1987). Rat tail collagen gel has been found excellent to support monolayer formation 
of bovine brain endothelial cells, the basis of in vitro modeling, in contrast to laminin, 
matrigel, or extracellular matrix produced by MDCK cells ( Raub c/ «/., 1992). (iclled 
rat tail collagen is also used in one of the most competent in vitro BBB mixiel systems 
(Dehouck et aL, 1992a,b). Type IV collagen, fibronectin, and laminin eilher alone 
or in combination elevated drastically the TEER of low-resistance porcine brain 
endpthelial monolayers (Tilling et aL, 1998). 

In Vitro Reconstituted BBB Models Using Primary Cultures 

Our list of BBB models covers bovine, human, porcine, and r;Odent (murine and 
rat) brain endothelial cell-based systems only (Table I). The reason is that although 
brain microvessel endothelial cells have been isolated from many other species, like 
monkey, dog, gerbii, and cat,-wel|-characterized permeability models using them 
have not been described to our knowledge. 

The first in vitro BBB model with measured permeability characteristics has 
been established from bovine brain gray matter (Bowman et aL. 1983; Table I). 
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rSff l^hoSf ^' characterized bovine models developed 

n the laboratory of Cecchelh (Table I) is based oil coculture of doned and pas^ 
sn^mr' 2? !7 endothelial cells and rat gUa culture showing high T^R 
v.^ .V? H ^ r'"""- ^'Shest TEER values measured on a bovine 

T f^rJSf ^ ' ^'''^ °° ^'^ a^aUable on this model (Zenker 

c/ a/., 2003). \ 

Despite the ethical questions and difficulties to have access to human brain tissue 
(autopsy material, surgical specimen, and fetal tissue), human BBB models have 
been^estabhshed for about 15 years (Table 1; Reichel et al., 2003). Other problems 
with human rnodels are the low yield of cells, and whether the tissue, especiaUy from 
autopsy or surgical material, can be regarded as "healthy." Human^models published 
so far are less robust than bovine or porcine systems, and give lower resistance and 
permeability values. The highest published TEER is 500 Q cm\ the lowest value 
for mulin is 3.6 X lOrfi cm/s (Table I). 

Mouse brain yields the least endothelial cells compared to other species. No 
wonder that the fewest number of models can be found from mouse primary en- 
ddtbelial cells (Table I). The advantages of the murine system, however, include the 
availability of transgenic and gene-targeted animals, oligoprobes, and wide range of 
antibodies, therefore an expansion of mouse in vifro models is expected. 

A high-resistance (1800 Q cm^) and low pemxeability (sutrose Pt is 
0.2-1.8 X 10"^ cm/s) porcine BBB model has been developed in the laboratory 
of Galla using serum-free culture condition and hydrocortisone treatment without 
coculture (Table I). Not all porcine BBB models reach this level of tightness, there is 
a considerable variation of TEEH and Pt Values published. Hie high yield of about 
50 million endothelial celts per pig brain and some sunilarities between porcine and 
human vascular physiology make the porcdne model suitable for high throughput 
drug screening. 

Cultures of rat brain endothelial cells are available since the late 1970s; however, 
models with permeability measurements have been published only since the 1990s 
(Table I). Similarly to the mouse system the yield is low, only 1-2 million endothelial 
cells per rat brain can be isolated. Barrier properties are better than in the mouse 
models, but they do not reach the level of the best bovme or porcine monolayers. 
The advantage of the rat BBB model lis that it can be eaidly compared to in vivo 
results, measurements, and it is simple to do syngeneic cultures. 

AH primary cultures have some disadvantages, they are expensive and time- 
consuming. Furthermore, it is difficult to iensure the purity and homogeneity of the 
cultures, since they are easily Overgrown by contaminating cells like pericytes. 



In Vitro Reconstifuted BBB Models Using CeQ lines 

In recent years, immortalized bram endothelial ceil Unes have been generated 
in growing number to overcome the aboVe-mentioned difficulties and to establish 
easy, reproducible, and sufficiently tight in vitro BBB models. Until now, nope of the 
available, more than 20 cell lines can fulfill all these oiteria (Table U). 
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n f I ■ ''^^ ^^^^^^ 
St ini Hch^i rr"** ^'u™ ^ » P^ority- The only bovine cell 

Ime published wiUi comparable permeability data is t-BBE&117 line, which has a 
permeability coefficient of 1.8 x l(r^ cm/s for L-glucose (Sobue etaL, 1999; Table II). 

Human bram endothelial cell lines are widely used in infectological studies with 
human pathogens (Table VIII). Hie calculated resistance values are rather low. even 
compared to these in ceU lines from other species. The only avaUable permeabiUty 
mr^wT^'^ ^ ^'^ ^ SV-HCSC Une (Miiniganandam etal.. 

Although ECV304 proved to be a nonbrain and non-endothelial human cell 
Ime (Brown e/ a/., 2000), it expresses several endothelial features (KiessUng et aL, 
1 999; Syda et al , 2001) and has been tested in permeability studies by several groups 
(reviewed in Gumbleton and Audus, 2001, Reichel et al, 2003; table II). There is a 
large variation in TEER, but values about 200 Q cm^ could be reached; and among 
the cell line models, the lowest permeability coefficient for sucrose, 0.13 x 10"*^ cm/s, 
was published on ECV304 cells (Tkble H). 

A spontaneously transformed MB114 mouse brain endothelial monolayer with 
a low TEER value was the first cell line used for in vitro BBB permeability studies 
(Hart 4/ al., 1987). Later, mouse brain endothelial cell lines became popular models 
in BBB transporter research (Kusuhara etal , 1998; Kusuhara and Sugiyama, 2001a,b; 
Reichel et a/., 2003; Ttaiai et aL, 2000; Tferasald and Hosoya, 2001; Tsuji and Tamai, 
1999). For permeability studies, the best characterized mouse lines are TM-BBB4 
with a TEER of 105-118 Q cm^ (Hosoya et al, 2000), and b.EndS with a basal 
TEER of 40 S2 cm^ that can be enhanced to 130 Q ca? by glial factors and treatment 
elevating intracellular level of adenosine 3',5'-cyclic mpnophosphate (cAMP) level 
(Omidi et al, 2003; Table II). Sucrose permeability of b.Bttd3 monolayers is 16 x 
10"^ cm/s reflecting a loose paracellular barrier. 

Rat brain endothelial cell lines, especially RBB4, have been extensively studied 
in several areas of BBB research (reviewed in this issue by Roux and Couraud, 2005). 
The main problem mth rat cell lines, similarly to aU the above-mentioned ones, is 
that the monolayers are rather leaky. No TEER values are available in the published 
literature, but sucrose permeability values varying between 11 and 204 x lOr* cm/s 
mirror this well. Data on GPNT cells (Romero et al, 2000, 2003), a retransfected 
and cloned line of the parental GPS cells (Gieenwood et aL, 1996) falls in the same 
range (Table II). 



USE OF BBB MODELS 

In vitro reconstituted BBB models have been used for permeability studies for 
20 years, and the number of publications in this field has been considerably increased 
recently. These studies, together with the results of in vivo observations, have con- 
tributed to the present knowledge about the structural and functional organization of 
the BBB under physiological and pathological conditions. Pharmacological studies 
on reliable and reproducible in vitro BBB models could accelerate the research and 
development of new drugs having better penetration into central nervous system. 
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PHYSiOLOQV 



*' Regulation of Junctiotiial PenAeability by Coculf uits 
and Conditioned Media 

Hie unique BBB phenotype of brain endothelial cells is the result of continuous 
influence from the surrounding nervous tissue, although the details of this induction 
are still unclear (Abbott, 2002; Bauer and Bauer. 2000: HaseloffeM/..2(X)5). Table III 
sumniarizes the in vitro effects of both neural and nonneural cells on resistance and 
penneability of brain endothelial cell monolayers. 

Hie effect of astroglia, one of the most important cell type'^ anatomically very 
close to cerebral capillaries, on endothelial characteristics and functions like perme- 
ability has been extensively studied (reviewed by Abbott, 2002: Ha.seloff a «/. , 2005). 
It has been demonstrated in the 198(te by electronniicroscDpic techniques that TJ 
structures, the main regulators of paracellular permeability, are deteriorated in sub- 
cultured brain endothelial cells, and coculture with astrocytes or astrocyte-produced 
factors re-enhance endothelial TJ in vitro (Arthur et ai, 1987: Tno-Cheng et «/ . 
1987). Resistance and permeability data measured on coculture models with btJvine, 
htrnwii, mouse, porcine, and rat brain endothelial cells and immortalized cell lines 
strongly support these results (Tables I-III). In the majority of nnHicls using primary 
rat astroglial cells in a coculture setting, the paracellular barrier properties were 
increased (Table III). Even bovine aortic endothelial cells, which are of nonbrain 
origin, respotided to this treatment (Yamagata etal, 1997). Kasa euiL (1991 ) founda 
simttar inductioti of TEER by fetal human astroglia in human brain endothelial cell 
monolayers, although Fiala et ai (1997) failed to confirm this observation in their 
syngeneic model. It has been recently suggested that posthypoxic (Song et ai, 2002). 
or src-suppressed C-kinase substrate overexpressing (Lee et ai, 2(XW) a-virocytes 
induce better TJ integrity than normal cells do; however, the validity of the BBB 
models used in these experiments was not confirmed by TEER or /», measurements. 

Glial cell lines gave similar results to cultured astroglia in permcabiliiy stud- 
ies. The rat C6 glioma cell line, which has been widely tested, was also effective in 
tightening the interendothelial junctions when cocultured with bovine, mouse, and 
porcine brain endothelial cells or with human ECV304 cell line (Table I I I ). In a com- 
parative study, human and rat astroglia, and C6 glioma cells were equally effective 
m raising a very low basal TEER of ECV304 monolayers (Tan et o/.. 2001: Table II), 
A recent paper reported that in vitro BBB models made from ECV.VM and C6 cells 
purchased from two different commercial sources gave very different permeabil- 
ity results (Seism et aL 1999). Human UC-11 MG astrocytoma elevated TEER in 
bovine endothelial cells (Raub etal, 1992; Table III). Malignant glial cell.<. such as rat 
gliosarcoma (9L) or human glioblastoma (T98G), had an opposite, permeability in- 
creasing effect m rat brain endothelial monolayers (Grabb and Gilbert. 199^) Since 
bram tumo^ in vivo enhance BBB permeability by secreting angiogenic factors like 
vascular endothelial cell growth factor (VEGF). this seemingly contradictory result 

?h." . n ""AlT'y Pe™e«bi«ty increasing factors were relea.sed from 

these peU Imes, while m C6 cells the balance would be shifted towards factors with 
barrier enhancmg properties (Grabb and Gilbert. 1995). 
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The hypothesis that soluble factors released by glia or gKoma cells participate 
in the indwtion of BBB phenotype is supported by a large number of studies with 
glia-conditioned media (Tables WII). In most reports, barrier enhancing effects 
were found, however, at least 60 min incubation time was needed (Rubin et al, 1991; 
Table III). The barrier tightening factors secreted by rat C6 glioma cells are unidenti- 
fied, though a study indicates that nonprotein factors having molecular weight lower 
than 1000 Da are responsible for the effect (Ramsohoye and Fritz, 1998). A study 
trying to clarify the signaling pathways involved in barrier-enhancing effects of C6 
cells suggests that the action is not mediated through cAMP, but rather by protein ki- 
nase C (PKC) activation via pbospholipase P, independently of intracellular calcium 
increase (Raub, 1996). 

All these results are verified by an opposite finding, that removal of astroglia 
from coculture with brain endothelial cells led to an increase ift permeability for 
sucrose and peroxidase (Hammerai:,2004). However, the elevation of junctional per- 
meability was not accompanied by any change in immunostaining of TJ 
proteins occludin, claudin-3 and -5, ZO-1, and ZO-2. This clearly indicates that loos- 
ening of TJ structure measured by paracellular markers doe? not mean a complete 
loss of TJ proteins. Indeed, previous observations on fast and reversible modulation 
of paracellular permeabaity in brain endothelial cells by osmotic shock (Bowman 
et aL. 1983; Dehouck et aL, 1990; Deli et a/., 1995c; Table XII) and by cAMP (DeU 
et ai, 1995a; Rubin et aL , 1991; Table X) raised an important role for TJ protein phos- 
phorylation and dephosphprylation processes in permeability regulation (Rubin and 
Staddpn, 1999). 

Despiite their localization close to capillaries, few data are available on theeffect 
of neurons on BBB properties in general (Bauer and Bauer, 2000), and in particular 
on in vitro permeability (Table III). Coculture of RBE4 cells with rat primary neurons 
decreased tran$monolayer dopamine flux (Cestelli et al^ 2001). In agreement with 
these data, organotypic brain slice culture induced differential permeability between 
L-Dopa and dopamine through rat brain endothelial cell monolayers with reduction 
of dopamine transport (Duport aly 1998). No glutamate transport was found in 
this coculture model compared to monpcultures, which indicates the presence of 
glutamate efflux transporters found in vivo (Duport et al , 1998)- 

Pericytes embedded in brain capillary basement membrane are the nearest 
neighbors of endothelial cells and they have a fundamental role in stabilizing brain 
capillary structure in vivo. Data are scarce, but the overall effect of pericytes in 
published papers seems to weaken the permeability barrier in vitro (Table III). 
Mouse pericytoma did not change, while bovine retma pericy te-conditioned medium 
decreased TEER of bovine cerebral endothelial cells (Raub et al, 1992). Bovine 
pericytes also increased sucrose permeability (Ruchdux etaL, 2002). 

Other cells of mesenchymal origin, smooth muscle cells, and fibroblasts ex- 
ert contradictory effects (Table III). While bovine smooth muscle cells showed no 
specific action on bovine brain endothelial monolayers (Fischer et al, 2000), rat 
fibroblast-conditioned medium increased TEER (Rubin et ai, 1991), a hamster fi- 
broblast cell line decreased TEER (Raub et aL, 1992), whereas a murine fiibroblast 
cell line had no effect on TEER (Gu et al., 2003). The fibroblast cells were from 
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different species and organs with diverse characteristics, which could explain the 
dissimilar activity. 

Blood cells continuously contact the luminal surface of capillaries, which is 
nonadherent physiologically. Human T-lymphocytes had no effect on FiTCMabcled 
70 kDa dextran permeability in GPNT cells (Romero et ai. 2(KX). Tabic III). Non- 
treated, bacterial lipopolysaccharide (LPS)-treated. or human immunodencicney 
virus-1 (HIV-l) infected human macrophages all increased TEER of bovine brain 
endothelial monolayers to a similar extent that C6 glioma cells did (Zenker ft al.. 
2(X)3). Human nontreated macrophages were also found to raise the resistance of 
human cerebral endothelial cells (Zenker et al., 2003). ^ 



Regulation of Junctional Permeability ^ 
by Physiological Factors 

Since the earliest attempts to cultivate living cells serum and scrum comp(incnls 
have been used to provide cells with adhesion-promoting molecules, nutricnt-s. trace 
minerais, transport protieins like transferrin and albumin, growth factons and hor- 
monesT Several in vitro BBB models use serum containing media (Tables 1 and II). 
However, few studies examined systematically the effect of scrum on permeability 
(Table IV). The ECV304/C6 model shows higher TEER value in the presence of 
fptal bovine serum, and reduction of serum content or serum-deprivation for 24 h 
led to decreased TEER even in the presence of C6 cells (Hurst and Fritz. I W6). Data 
from the laboratory of Galla demonstrate an opposite effect of scrum on ptxrcine 
brain endothelial monolayers (Tables I and IV). Bovine serum, ox scrum, heat- 
inactivated ox serum, and human blood plasma all decreased TEER. and disturbed 
the correct localization of integral TJ proteins on their model (Franke et aL 19W; 
Hoheisel et ai, 1998; Nitz et at., 2003). Since fatty acid-free albumin was without 
effect (Nitz er ai, 2003), a variety of known and unidentified serum faclt)rs, among 
them lysophosphatidic acid (LPA), can be responsible for the phenomenon. 

To promote the growth of endothelial cells in vitro, several growth factors are 
used. Basic and acidic fibroblast growth factors and heparin^ which binds and stabi- 
lizes them, are devoid of any permeability effect ( Raub et al. , 1 992; Wang et al. . 1 996; 
Table IV). The same applies for epidermal growth factor, platelet-derived growth 
factor, ciliary neurotrophic factor, and insulin-like growth factor- 1 (Hoheisel et al., 
1998; Rubin letal., 1991). Similar to these results, glial cell line-derived neurotrophic 
factor (GDNF) alone had no effect (Table IV). However, it had a dosc-dependent 
barrier tightening action in porcine brain capillary endothelial cells, when applied 
together with intracellular cAMP elevating agents (Igarashi et al.. 1999). Although 
both OaNF and transforming growth faptor-)81 (TGF-/31) belongs to the TGF-^ 
family, TGF-^1 produced by pericytes shows a very different effect. TCiF-/Jl causes 
a time-dependent and polarized increase in permeability of bovine brain endothe- 
lial monolayers with a basolateral preference through a pertussis toxin-sensitive 
G-protein coupled pathway (Raub etal., 1992; Raub, 1996). Atrial natriuretic fac- 
tor, known for elevating guanosine 3',5'-cyclic monophosphate (cCJMP levels) in 
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endcJhelium,decreasedlEERmb^^^ 

9noi ^nnbo-f '^•''^ '^^^ P^P^^^ adrenomeduUin (Kis er al 

lular permeability. Physiological concentration of hydrocortisone, a glucocorticoid 
lial cells m serum-free culture conditions, while insulin exerts a significant TJ tighten- 

Endogenous catecholamines also influence BBB permeaWty (Tkble IV). 
Adrenaline (0.1 mM) and noradrenaline (0.1-1.0 ^M) increase the sodium fluo- 
resc^n flux through bovme brain endotheUal monolayers, while adrenaline at 1 uM 
Z5..^oSri^T''1^^' penneability (Borges etaL. 1994). Ibis TEER in- 
creasingeffectofadrenalmeornoradrenalinewasalsoobsem 
study (Gaillard and de Boer, 2000). 

Fatty acids are major components of the cell membrane and are able to regu- 
late junctional permeabiUty (Table IV). Eicosapentaenoic acids and y-linolenic acid, 
two polyunsaturated fatty adds supposed to be mediatora in the cross talk between 
endothelial cells and astroglia, increased TEER of pordne brain endothelial cells 
after 3 days of serum starvation, whereas Unoleic acid had no such effect (Yamagata 
et aL 2003). The barrier tightening effect could be blocked by tyrosine kinase in- 
hibitors or PKC inhibitors, the intracellular signaUng molecule LPA, the simplest 
glycerophospholipid, strongly and reversibly reduced TEER and in<yeased sucrose 
flux of pordne brain endothelial cells in a time- and dose-dependent manner inde- 
pendently of previous treatment witii cAMP (Schulze etaL, 1997; Kitz et a/., 2003). 
LPA is more potent in serum-free conditions (Schulze et aL, 1997). Arachidonic acid 
enhanced the passage of trypan blue through brain endotiielial cells cultured on 
dextran beads, in a system difficult to compare with present filter models (Kempski 
et al., 1987; Villacara et aL, 1990). Lipid mediators of the cyclooxygenase pathway, 
prostaglandin E2 and prostaglandin increased the permeability for 3 kDa dextran 
In bovine brain endothelial cells (Mark e^/.. 2001). 

Low-density lipoprotein, an important macromolecule responsible for the 
receptor-mediated transport of cholesterol from blood to brain, does not change 
the integrity of bovine brain endothelial monolayers me^ured by sucrose and imiUn 
flux (Dehouck etaL, 1997). 



PATHOLOGY 



BBB permeability changes play a crucial role in brain edema formation and 
central nervous system injuries during human diseaseis, such as stroke, cerdbral 
hypoxia-reoxygenation, head injuries, neurodegenerative diseases, and neurological 
infections including bacterial and viral meningitis, encephalitis, or HIV-1 infection. 
In vitro studies on reconstituted BBB models help to reveal the direct effects of 
pathological conditions on cerebral endothelium, and they can also unravel the con- 
tribution of cytokines, reactive oxygen spedes (ROS), ititric oxide (NO), vasoactive 
mediators, and other pathogenetic factors to the inipairment of barrier integrity 
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(Deli and loo, 1996). Investigations on these models of BBB pathology may offer a 
suitable tool for testing efficacy and brain penetration of new drugs. 



Effects of Hypoxia and Reoxygenation on BBB Permeabilitv In Vitro 

Brain ischemia, a major neuropathological condition in humans, changes BBB 
permeability in vjyo. To better unde^tand the pathomechanism, several studies 
examined hypoxia and related factors on different in vitro BBB models (7ahle V), 
Susceptibility of brain endothelial cells to hypoxia differs signilicafniy depending on 
time, culture and treatment conditions, and validity of the models used. Hypoxia 
(1.5-24 h) also induced a drop in TEER, and an increase in sucrose and inulin 
flux of porcine brain endothelial monolayers (Fischer en al, 19%. 1W«. l9<Wa.b. 
2000, 2001). Hypothefmia could effectively block the effect of hypoxia on inulin 
permeability (Fischer et ciL, 1999b). In case of bovine cerebral endothelial cells. 24 h 
hypoxia (1% O2) resulted in elevated sucrose flux (Brown <•/ aL Mark and 
Davis, 2002; Mark et al., 2004). Interestingly, on the same nwdcl at 48 h. but not 
24h„hypoxia (0% O2) augmented /*p of sucrose, while that of inulin was not affected 
(Abbruscato and Davis, 1999a). 

Among the doculture models. 2 h hypoxia led to increased fluorescein flux in 
porcine brain endothelial cell-rat glia model (Giese ct al., 1995). In bovine brain 
endothelial cells cocultured with rat glia, 48 h hypoxia was needed to significantly 
raise sucrose and albumin in endothelial roonolaycfs in the absence of glial 
cells (Plateel et aL 1995. 1997). The increase in albumin flux was ab»»lished at 4 C 
confirming that albumin transport is an active transendothelial process ( I* lateel ftaL 
1997). On the same model .system. 9 h hypoxia resulted in an enhanced endoiheliai 
monolayer permeability for inulin and NXY-(J59. a radical trapping neuroprotective 
agent (Dehouck et al., 2002). 

Hypoxia followed by reoxygenation led to increased permeability to ions and 
sucrose in porcine cerebral endothelial cells, which could be blocked by barbiturates 
(Fischer aL 1996). A similar barrier weakening effect could be demonstrated in 
rat brain endothelial ceil/rat astroglia models (Kondo et aL WHi; Utepbergenov 
et al., 1998). In contrast, reoxygenation showed an attenuating effect compared to 
hypoxia-induced increased permeability on bovine brain endothetial mohoculiurcs 
(Mark and Davis, 2002; Mark et aL 2004). 

In all models tested, hypoxia combined with gluco.se deprivation resulted in a 
much faster (2-4 h) increase in endothelial permeability forsucft)se. inulin. aptitrans- 
ferrm, and albumin than in hypoxia alone (Abbruscato and Davis. |9*Wa- BrlllauU 
f'^^??°2, Dehouck etaL 2002). Interestingly, this was not accompanied bv change 
in TEER suggesting that the permeability increase does not invtrlve TJ disruption. 

JiLV^'^P®''^*"'^^-^^'^'^'^^ ^'■^"scellular transport for all the markers (Brillault etaL 
2002). 

Importantly, hypercapnia, normoxic aglycemia. or hypoglycemia alone did not 
cause change in barrier tightness (Table V). 

The role of glial factors in mediating the effect of hypoxia is controversial. 
Bovine brain endothelial permeability was significantly enhanced for sucrose inulin. 
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and albumin in the presence of glia when exposed to 12 h hypoxia (Brillault et d., 
2002). *" 

Furthermore, while oxygen-glucose deprivation (OGD) for 4 h had no ef- 
fect on endothelial cells alone, in the presence of glia or conditioned medium of 
OGD-treated glia cells a huge increase in inulin flux was seen in endothelial mono- 
layers exposed to OGD suggesting that soluble gUal factdi? can participate in tiie 
endothelial hyperpermeability (Brillault ef al , 2002). Other experiments argue, how- 
ever, for a protective role of glia. On a rat EBB model, astroglia attenuated the 
increase in paracellular flux of brain endothelial monolayers foUo\jjng 4 h hypowa 
and 15 min reoxygenation (Kdndo et al^ 1996). Hypoxia-induced increase in in- 
ulin flux in porcine endothelial cells was decreased by coculture with glia or treat- 
ment with astrocyte-conditioned medium (Fischer et a/., 2000). Three-day culture 
of bovine cerebral endothelial cells in C6 glioma-conditioned nieklium protected 
against hypoxia-induced increase in permeability for suarose, while astroglia- or C6 
glioma-conditioned medium had no effect on b^isal permeability (Brown e< oil, 2003). 
Finally, no effect of treatment by C6 glioma-conditioned medium or coculture with 
C6 glioma cells was seen in bovine endothelial cells subjected to OGD (Abbniscato 
and.pavis, 1999a). 

the following agents showed protective effects against hypoxia orOOD-induced 
brain endothelial hyperpermeability: N-methyl-D-aspartic acid (NMDA) receptor 
antagonist MK-801 and aminosteroid U83836E (Giese et al, 1995), barbiturates 
methohexital and thiopental (Fischer et al, 1996)» NO and the NO donor S-nitroso- 
N-acetylpenipillamine (SNAP; Utepbergenov et aU 1998). nonspedflc cation (dian- 
nel blocker SKF 96365 and L-type caldum channel blocker nifedipine (Abbnis- 
cato and Davis, 1999a). dexamethasone (Fischer et al., 2001). or NO synthase 
inhibitors Nw-nitro-L-arginine methyl ester (l-NAME) and 1400W (Mark et al., 
2004). 



Regulation of In Vttrp BBB Fteiineability by Cytokines 

Interaction between proinflammatory or other cytokines and cells of the BBB 
is inevitable especially in inflammatory-, infectious-, or immune-mediated dfaeases. 
Human recombinant interferon-a2a, an anti-viral cytokine used in hepatitis C or 
antitumor therapies, elevated TEER in bovine br^n endothelial cell-rat astroglia 
coculture. moreover, it reduced the LPS-induced damage to endotheliai mono- 
layer integrity (Gaillard et al, 2003; Tkble VI). A similar effect was observed with 
interferon-/31b (Gaillard et al, 2003). On the contrary, interferon-)/, a proinflam- 
matory cytokine elevated albumin flux through rat brain endothelial monolayers 
(Annunziataeto(.,2002). ^ v , 

All proinflammatory interleukms tested so far affected brain endothehal para- 
cellular permeability (Table VI). Interleukin-la increased inulin flux through porcine 
cerebral endothelial monolayers (Gloor et al., 1997), while interleukin-M and 
interleukin-6 induced a decline m TEER of rat brain endothehal cells (de Vnes 
et al 1996b) Although direct effect of interleukin-6 has not been tested on a dy- 
namic 3-dimensional in vitro model of .BBB, interleukin-6 production was a cruaal 
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component of a BBB protective mechanism triggered by normoxic. normoglycemic 
flow cessatton and reperfusion(Krizanac-Bengezeffl/., 2003). „ . 

The great majority of the studies on cytokines, mvestigated he effect of tu^ 
mor necrosis factor-a (TNF^). a prominent proinflammatory cytokmc mvolvcd in 
many neuropathological conditions. In those experiments where no effect on per- 
meability was seen, brain endothelial monolayers were mcubcUed cither or short 
period with TNF-a or without astroglia (Deli 0! ai, 1995c: Didier aL 2003). 
Importantly, even in those studies where no change in paraceUular _permcabihly 
was observed, TNF-a significantly elevated the specific transendothehal Iranscyto- 
sis of transport molecules LDL and lactoferrin (Descamps 1997: Fillebeen 
et al 1999a- Table VI). In the majority of studies, however. TNF-or incrca,sed para, 
celluiar or iranscellular BBB permeability in vitro (Table Vi). TNFk. decrea^d 
TEER of endothelial monolayers either in cocujtuTe with glia (^e Vriescr «/.. 1996b; 
Dobbie et aL 1999; Hurst and Clark, 1997; Hurst and Frity. 1996) or in monocul- 
ture (Dobbie et aL 1999). TNF^ also increased the flux of sucrose, sodium flu- 
orescein, cisplatin, inulin, FITC-dextran with 3, 4. and 70 kDa m.w., and albumin 
(Table VI). The controversy of the results published might origmalc from differences 
betjyeen TNF-a doses used, application times, or barrier integritiesof various in vitro 
BBB models. 



Influence of Pafhogenic Factors on In Vitro BBB Permeability 

the role of vasoactive and inflammatory mediators in the modulation of BBB 
permeability has been in the focus of many studies and the topic was reviewed 
recently (Abbott, 2000). Studies on in vitro models avoid the problems of hemo- 
dynamic changes related to BBB permeability, and direct effects of mediators and 
signaling pathways involved can be examined in brain endothelium. All the me- 
diators and pathogenetic factors listed in Table VIl, except for adrcnomeduUin, 
dose-dependently increase in vitro BBB permeability on various miHlels. 

Bradykinin, an established mediator of vasogenic brain edema . decreases TEER 
in BBB models (Easton and Abbott. 2002; Gaillard and dc Bckt, 2(X)0; Hurst and 
Clark, 1998). This effect mediated through Bj bradykinin rcceptoni has been ex* 
ploited for reversible and temporal opening of the BBB by receptor agonist RMP-7 
(Mackiccfa/., 1999) and can be prevented by receptor antagonist HOE-14() (Easton 
and Abbott, 2002). Histamine, a mediator of brain edema (Jo<i, 1993). has a dual 
action on brain endothelial cells (Abbott. 2000), While low concenlralions of this 
neurotmnsmitter vasogenic amine increase albumin permeability (Deli et ai. :l995b) 
and decrease TEER value (Hurst and Clark, 1998) via H2 histamine receptor ac- 
tivation coupled to increased intracellular Ca^+ concentration, high concentrations 
increase TEER (Gaillard and de Boer, 2000) through H| receptor and elevation of 
cAMP level. Serotonin and adenosine triphosphate (ATP), both neurotransmitters 
and vasoactive molecules, ^ilso decreased TEER in a cocullurc miHlcl of ECV304 
and C6 cell lines (Hurst and Clark, 1 998). 

The excitotoxic neurotransmitter glulamale is a key player in brain ischemic 
pathologies. While no permeability change was found in case of hasolaicral applica- 
tion on a bovine coculture model (Gaillard et aL 1996). apical glutamalc treatment 



BBB Penneabifily In Vitro 



91 





a 
o 

*-* 
CO 



c 
o 




a 8 

+ +13 

Pm O, + 

§ M 9 § 

I > 1 > 



8^ 



2 



>UUu 




§ § 9 g 

III! 



+ > 

s- e 
+ 



8 

g 
+ 



8 
I 



PQ W CQ CQ o 

4) P 0} 4) tU 

.3 e .S .5 « 



s ^ ix; 



0) 



> 

o 



1 2S 



5IS 



4> 



3 
•a 

4) 

i 



o 5 

I _L ' 

II 



in-rt 

7§ 



11 

1*2 



' Sis 



!<=>.'=>. 

^ ^ mm* 



' 'a S « 
^ g WW 

8i:§:§ 



.a w «i rj 



I ifl ^ 

rS f? -^ 

:3 s 2 

O p 'T* 

o c5 f-i «!, 

^ w wO 

<D V A) o 

CO <4 «d .5 

6 € 6 g 

9 PS 



E 



oSlup P0033 X a3£££ ^ 



lip 



e 

o 

2 

a. 

8 



o 



CO 



I 



E"3 



8:8: 



C3 CI 

A ^ k. w 
« V U 



^05 



ICC 



X 

c 

1 

c 



o 



£ 
u 

CD 
c 

£ 



4-.H 



3 



o; g X 0^ 9 c c 



► p p 



^ m OB — 



+ 
2 

u u o M ^ ^ 
WW wSy^y 

PQ CQ « tJ CO CP 
c c c c .S c 

o o o o o o 
flQ 09 CO 09 Of 




CN 

_ < 

00 A tl 

8 A e2 

§.^ !2. o. 
(JU u. u. u, 
OOOO 
lilUJ WbU 
>>>> 



"2 II 



8 



E- 8 3 S 1 1 

.2 .2 " «=• 5 II 

~ II iLt 



« 5 Q -". J^- S; 
o 



So 
x: 



•5 8' 



e " 
3 — 



5 

|-f 1 

•Cog " 8 o 
•lfr|.SPV 



II 



II S- = s P . 

gig 

s o «? a «^ 

II .5 E § -g 



2 II ■? ^ 

a e II 2 



Z 



3 
C 

Q 



D 



O 

< 



< 
c 

1 

.3 
X 

O 

3, 
H 

V 



19 



n = 



•3 



5 
s 



i 



e 



3 



I 

x 



V 



^ 8 « I 



5;^< 8.8 W 



§ .? 

5 ^ 61 

B c 
||q 1 

»4 * 



Q9B Pennealbaity b Yitro 



93 



(bharp et al, 2003) m human brain endothelial monplayere. These results support 
XmShlr^T^m^f^ ^"^'^"^ ^""^^ '^"^^^"^ (Krizbai er ai. 

There are several pathogenic factors at the BBB, which are involved in the reg- 
ulation of hypoxia-induced changes. Among hypoxia-inducible factor 1 regulated 
?fn?i inducible NO synthase (iNOS), TGF-A and 

VEGF contnbute to the damage of BBB integrity, whereas adrenoraedullin rein- 
forces the barrier function (Tables IV. VII, and X). VEGF sthnulates endothelial 
cell growth, mduces angiogenesis, and mcreases endothelial perm&ibility both un- 
der m vivo conditions and in in vitro BBB models. VEGF increases sucrose and 
mulm flux, and decreases TEER (Table VII). It is more effective when applied at 
the abluminal side (Ruchoux et ai, 2002; Wang et al, 1996, 2001) or when added in 
the presence of or-lipoic acid, an antioxidant (Fischer et aL, 1999a,b). This effect of 
VEGF can also be blocked by specific antibody (Fischer et al., 1998). EndotheUn- 
l mcreases sucrose flux in the presence of astroglia in human brain endothelial 
cells (Didier et ^03). Lipid mediators prostaglandin E2 and prostaglandin F^ 
increased in vitro BBB permeability and this effect can be involved in mediating 
action of TNF-a on brain endotheUal cells (Mark et al, 2001). Atrial natriuretie 
peptide decreases TEER acting through elevation of intraendothelial cGMP level 
(Rubin era/.. 1991). 

Amyloid proteins are involved in the pathogenesis of fatal neurodegenerative 
diseases. Amyloid peptides, such as amyloid p 1-40 and 25-35 peptide fragments 
or pripn peptide toxic fragment 106-126, are used for disease modeling. When 
tested on a syngeneic rat in vitrp BBB coculture model for 24 h, they increased 
sucrose and alburniii permeability and decreased TBER by exerting cytotoxic ef- 
fect on brain endothelial cells (Deli et aL, unpublished), these changes could be 
prevented by pre-treatment with pentosan polysdfate, a semisynthetic polyanion. 
Incubation with low dose of amyloid j8 1-40 peptide for 1 h, however, did not change 
TEER, and flux of inulin or 70 kDa FTTC-dextran ((M et ai, 2000; Mackic et aL, 
1998). 



Effects of Infectious Agents on In Vitro BBB Permeability 

The interaction of infectious agents with brain endothelial cells is crucial In the 
pathogenesis of meningitis, encephalitis, and neurologicai symptoms pf iacquired im- 
munodeflciency syndrome. Among Gram-negative bacteria causing neonate menin- 
gitis, Escherichia coli and Citrobacter freundii are able to invade and transc^tose 
human brain endothelial cells without affecting the integrity of the monolaiyer 
(Badger et dl, 1999; Stins et aL, 2001). Furthermore, C. freundii replicates within im- 
mortalized human brain endothelial cells, whdch can be related to its pathogenicity 
(Badger et aL, 1999). In contrast to these results. Streptococcus pneumoniae, pos- 
sessing the cytotoxic virulence factor pneumolysin, dramatically decreases TEER 
of bovine brain endothelial cells (Zysk et al, 2001), Pneumolysin-deficient or heat- 
killed bacteria show no effect (Table VIII). 
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Not just living bacteria but bacterial cell wall components and toxins can also 
cause seve^ BBB disturbances. LPS is the primary endotoxin involved in inflam- 
matory processes, sepsis, and multiorgan failure caused by Oram-ncgative bacte- 
ria like E. coli or Haemophilus influenzae. In all the In vitro BBB mixlels tested 
so far, LPS induced a concentration and time-dependent increase in monolayer 
permeability (Descamps et al., 2003: de Vries et ai. 1996a: Gaillard and do Boer, 
2000; Gaillard et al, 2003; "ninkel et ai, 1991) (Table VIII ). Interestingly, glial cells 
protected cerebral endothelial cells from LPS-mediated injury in a coculture model 
(Descamps et al, 2003). Pertussis toxin, a virulence factor of Hordetdio penussts, 
severely compromises the integrity of brain endothelial monolJiycrs in a dose- and 
time-dependent way (Briickener et ai, 2003: Raub. 19%). This effect is supposed to 
be mediated by the PKC pathway (Briickener et al, 2003). Cholera toxin, an activa- 
tor of protein kinase A (PKA), has a barrier tightehitig action similar lo forskolin or 
cAMP treatment (Rubin et al, 1991 ). 

The BBB plays a decisive role in the penetration of HlV-1 to brain and de^ 
velopment of neuroAIDS (Banks, 1999). Infectious HI V- 1 penetrates human brain 
endothelial rnonolayer by macropinocytojsis without changing its permeability for in- 
ulin (Liu etal, 2002). In accordance with this result, HIV-1 envelope protein gpl20. 
eith^ in its infectious glycosylated or in nonglycosylated form, did not affect BBB 
integrity in a coculture model with high TEER (Deli etal, unpublished obscmtion), 
although gpl20 was published to increase albumin flux in a rat brain endothelial cell 
monolayer through a substance P-mediated mechanism (Annun/iata et al. 1998). 
However, in the second in vitro model with low barrier characteristics, recombinant 
measles virus nucleoprotein could also elevate albumin permeability, which may 
suggest a nonspecific process (Annunziata et al, 1998). Interestingly, even HIV-I 
infection could not change the barrier enhancing inductive effect of hUH>d-dcrived 
human macrophages in bovine brain endothelial liionolavcl^ (Zenker vt <t/.. 20Q3) 
(Tables III and VIII). 

Human T-cell leukemia virus type-1 (HTLV-1) infected human lymphocytes 
showed enhanced adhesion to and migration through rat GPNT ccIl line monolayers 
and induced a 2-fbld increase in paracellular perrneability (Romero et al. 2(X}()). 

The helminth parasite Schistosoma mansoni, in its schlstosomula stage, devel- 
oped a special technique to evade from the host immune system. S mtmstmi secretes 
factors elevating cAMP level in bovine brain endothelial cells that develop an anli* 
inflammatory phenotype and enhanced barrier properties (Trottein et al, 1999). 

Among fungal pathogens, only Candida albicans bss been tested on BBS perme- 
ability in vitro (Table VIII) and no specific effect was seen in human brain endothelial 
monolayers (Jong c/ a/., 2001). 

PHARMACOLOGY 

In vitro models have been widely used in pharmact)logical research for screen- 
ing drugs and drug candidate molecules for either modifying BBB permeability 
or investigating brain penetration. It is difficult to overestimate the importance of 
permeability screening during drug development in pharmaceutical industry, and it 
is assumed that the published reports are only the tip of the iceberg in this field 
(Cecchelli et al, 1999; Eddy et al, 1997; Gumblelon and Audus. 2(XH; Lundquist 
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et aL, 2002; Pirro et al, 1994; iTiomas ef a/., 1997). In this article, pharmacological 
treatments jnodulating signal transduction or cellular metabolism, and modification 
of physico-chemical properties of molecules to enhance their permeability are listed 
and evaluated. 



Effects of iVeatmenfs Affiecting Signal lyansductioii 
on In Yifro BBB Permeability 

Elevation of Intramdothelial cAMP Level 

The effect of intracellular cAMP increase is unequivocal, in all models tested 
until now cAMP elevation resulted in barrier tigliteiiing (Table IX). Elevation of 
intraendothelial cAMP by 8-(4-chlorophenylthio)-cAMP or dibutyiyl-cAMR both 
of them are cell-permeable cAMP analogues activating PKA, increases TEER, and 
decreases paracellular flux of sucrose, fluorescein, mannitol, and inulin (Table IX). 
Forskolin, a cell-permeable adenylate cyclase activator, has similar effect (Briickener 
et al, 2003; Rubin et al, 1991; Zenker et al, 2003). Isoproterenol, a selective j8- 
adrenergic agonist that stimulates adenylate cyclase activity and activates mitogen- 
activated protein kinases, also raised brain endothelial TEER (Rubin et aL, 1991) » 
Calcitonin gene-related peptide and adrenomedullin clearly demonstrated a cAMP- 
like effect (Kis et fl/., 2001; Rubin cr a/., 1991; Tkbles IV and IX). 

The permeability decreasing effect of cANiP analogues is more pronounced 
when phosphodiesterase blockers are used simultaneously to prevent the quick 
metabolization of cAMP. RO 20-1724, a selective inhibitor of cAMP-specific cQMP- 
independent phosphodiesterase^ 6r 3-isobutyl-L-methybcanthine, a nonspecific in- 
hibitor of cAMP and cGMP phosphodiesteraises, are widely used for this purpose 
(Table IX). Moreover, treatment of brain endothelial cells with phosphodiesterase 
inhibitors alone was also able to strengthen monolayer integrity (Raub, 1996; Zenker 
et al, 2003). Bovine brain endothelial cells reacted better to cAMP increasing treat- 
ment in the presence of glial induction by astrocyte-conditioned medium (Rubin 
etal A991): 

Cholera toxin, another strong elevator of intracellular cAMP level, also raised 
brain endothelial TEER (Rubin a/., 1991; Tables VHI and IX). However, in 
porcine endothelial cells, cholera toxin and forskolih were ineffective in changing 
the flux of horseradish peroxidase, while strongly enhanced intracellular cAMP level 
(Brucfcener et al, 2003). Since horseradish peroxidase i^ considered a transcellular 
permeability marker (Banks and Broadwell, 1994; Nag, 2003), these data clearly in- 
dicate a different regulation of junctional and trimsendothelial permeability in brain 
endothelial cells. Pertussis toxin, which barely elevates cAMP m brain endothelial 
cells, decreased TEER (BrUckener et al, 2003; Raub et al, 1996), and at the same 
time, it elevated transendothelial horseradish peroxidase flux via the PKC pathway 
(BrUckener crail, 2003; Tables VIII-IX). This effect of pertussis toxin was completely 
abolished by concomitant cholera toxin or forskolin administration (Bruckener et al . 
2003). 

Modulation of intraendothelial cAMP concentration by adrenomedullin anti- 
sense mRNA probe decreased TEER (Kis et a/., 2001), while calmodulin antagonist 
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W7, qr adenylate cyelase inhibitor SQ 22536 did not show any effect on permeability 
of in vitrp mtodek (2^nker et al, 2003). 

Changes in Intracellular Calciwn Level 

Calcium and other divalent cations are neieded for the integrity of bram efl- 
dothelial TJ structures, as discussed earlier. Removal of extracellular Ca^+ by using 
either Ca^+.free medium or Ca^^ chelators, such as BAPTA or EGtA, results in a 
rapid opening of brain endothelialTJ, that is, decreased TEER and increased sucrose 
fluxCIhblelX). 

Increasing intracellular Ca2+ levels by calcium ionophores cahnycin (A23187) 
or ionomycin, rapidly decreases TEER in bovine and human cells (Raub, 1996; Hurst 
and Clark, 1998). Ca^ channel blockers, such as ionic La^+ sKF 96365, nifedipine, or 
verapamil, alone have no effect on brain endothelial monolayer integrity (Table iX). 
High concentration of verapamil, however, could elevate the flux of sucrose and 
cyclosporin A-cyclophilin B complex through the BBB in vitro (Carpentier et ai, 
1999). Thapsigargin, used to deplete intracellular Ca^+ stores by blocking Ca^+ 
ATPase decreased (Easton and Abbott, 2002), while butyric acid interfering Ca^"** 
release from intracellular stores increased (Hurst and Clark, 1999) TE6R values in 
human ECV304/rat C6 ^oma cocultUTje system. 

Modulation of Protein Kinase and Protein Tyrosine Kinase Activity 

Activation or inhibition of protein kinases could alter the paracellular and 
transcellular permeability of the BBB in varioite in vitco modek. In bpvine en- 
dothelial cells cocultured with rat C6 glioma cells, PKC activators, such as phorbol- 
12-rayristate-13-acetate (PMA) or sn-l,2-dioctanoylglycerol (DiC8), could increase 
TEER (Raub, 1996). Specific PKC inhibitor calphostin C (Easton and Abbott, 
2002) did not change, while selective PKA inlubitor H89 (Rubin & al, 1991), or 
Ca-+/calmodulin-dependent protein kinase II (CaM kinase II) inhibitor HA1004 
(Raub, 1996) decreased TEER values in BBB in vitro models. The effect of broad- 
spectrum protein kinase inhibitors, such as H7, HS, K-252a, or staurosporine, on 
the barrier integrity depended on the dose-, time-, and in Vitro BBB model us^ 
(Table X). 

Protein tyrosine phosphatase inhibitors phenylarsine oxide and vanadate 
molecules decreased TEER value in a bovine (Staddon etal.^ 1995) and increased 
inuUn flux in a porcine (Gloor et ai, 1997) model of in vitro reconstituted BBB. 

iVanscelluIar permeability of horseradi^ peroxidase through monolayers of 
porcine brain endothelial cells did not change after treatment With PKC activa- 
tors (DiC8, PMA), broad-spectrum protein kinase inhibitor staurosporine, or phos- 
phatidylinositol 3-kinase inhibitors (wortmannin, LY294002) according to a recent 
paper (Briiekisner ef aU 2003). 

Modulation of Phosphotipase, Cyclooxygenase, and Lipoxygenase Activity 

Similar to natural steroid hydrocortisone (Table IV), dexamethasone, an effec- 
tive synthetic glucocorticoid hormone inhibiting phospholipase-2 (PLA2) activity 
strengthened specific barrier properties, that is, increased TEER and decreased Pe 
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for paracelluter markers, in the majority of models (Table X), whereas mifepristone, 
a synthetic steroid receptor antagonist did not change inulin flux (Fischer et aL, 
2001), TVeatment with selective PLA2 inhibitors, however, either did not result in 
significant change in case of bromophena(yl bronnde (Grabb and Gilbert, 1995) 
and aristolochic add (Easton and Abbott, 2002), or decreased TBER value, such as 
quinacrine did (Gaillard era/., 2003). 

Phospholipase C (PLC) inhibitor U73122 treataient resulted in a rapid increase 
in TEER in human ECV304/rat C6 coculture model (Easton and Abbott, 2002), but 
it was without long-term effect in bovine brain endothelial cell mo{?olayers (Raub, 
1996; Zenker etal, 2003). Phosphatidylinositol-specific PLC inhibitor ET-I8-OCH3 
(edelfosine), however, decreased TEER value (Easton and Abbott, 2002). 

Nonsteroid anti-inlammatory drugs, such as indomeliiadn, a noiuielective in- 
hibitor of cycloxygenase-l and -2 also affecting PLA2. had limited effect on the 
regulation of BBB permeability in vitro, similar to nordihydroguaiaretic add, a se- 
lective 5-lipoxygenase inhibitor (Easton and Abbott, 2002; GaiUard et al , 2003; Mark 
era/., 2001; Raub, 1996). 



Drugs Affecting Metabolism of Nitric Oxide and Reactive Oxygen Spedes 

The gaseous second messenger NO, involved in brain and BBB pathologies, can 
exert both damaging and protective effects on the banier integrity (Table XI). NO, 
at lower concentration than 10 iM does not change in vitro permeability (Hurst 
and Clark, 1997; Utepbergenov ef 0/., 1998). Doses of NO higher than 20 /tM induce 
a r»pid drop in TEER and an increase in fluorescein flux (Hurst and Clark, 1997; 
Hurst et aL, 1998; Utepbergenov et aL, 1998), This threshold effect can be observed 
with NO donors, too. SNAP does hot change the barrier integrity at 60 iM or below 
(Mark et aL, 2004; Raub, 1996; Utepbergenov a/., 1998), but induces permeabiUty 
increase at 150 >iM (Utepbergenov effl/., 1998), For comparison, diethylenetriaamin^ 
NONOate, a longer acting NO donor, raises sucrose Pa above the dose ot 10 iM 
(Mark et aL , 2004). Another NO donor, 3-morpholjnosydnonimine is without effect 
on TEER (Raub, 1996), but sodium nitropnisside enhanced the permeability in all 
concentrations in all models (Table XI). NaNOa and NaNOa, degradation products 
of NO, induced no barrier dysfunction (Hurst and Oark, 1997; Hiirst al, 1998). 

Nonselective blocker of NO synthases l-NAME, N^-monomethyR-arginine 
(t-NMMA), or 1400W, a selective inhibitor of inducible NO synthase did not show 
a permeability modifying action (Table XI). On the dynamic in vitro BBB model, 
exposure to l-NAME during baseline flow with normal shear levels caused a rapid 
decrease in TEER arguing for protective actions by basal NO production, and that 
NO can be important in the maintenance of BBB functions (Krizanac-Bengez «/ a/.. 
2003). 

NO activates the soluble guanylate cyclase signal transduction pathway and in- 
creases ititracellular cGMP levels. Both exogenous 8-Br-cGMP and atrial natriuretic 
peptide impairs barrier functions (Rubin et aL, 1991; Fischer et al., 1999a). 

ROS has been proposed to participate in the pathomechanism of BBB dis- 
turbances in several brain diseases. In ^at^o data on BBB models support this hy- 
pothesis (Table XI). Hydrogen peroxide, added directly to rat brain endothelial 
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SSjS^f fT'^^'?' ^02). Xenobiptics able to induce ROS 

production, such as benzylviologen, methylyiologen. menadione, and nitrofurazone. 

f if^'^T .u^'"^'' P™P^«^^s in ^ dose-dependent way (Table XI), and this ob- 
servation further strengthens the hypothesis that oxidative stress damages barrier 
functions. Nitrofur^oiie and duroquinone in the appfied concentration had no ef- 
fect (Lagrange et ai, 1999). While methylvioldgen and exogenuos ROS-induction 
by xanthme/xanthme oxidase resulted in a similar decrease in TEER of monolay. 
ers from both wild-type and human CuZn-superoxide dismutase transgenic mice, 
menadione reduced TEER only in brain endotheUal cells fromlhe transgenic ani- 
mals indicating ttie effect is mediated rather by hydroxyl radicals or peroxynitrite 
than by superoxide anion itself (Imaizumi et al., 1996). Toxidty of ROS is partly 
mediated by lipid peroxidation products. 4-hydroxynonenal, produced by aldehydic 
hpid peroxidation, increased brain endotheUal permeabiUty (M^rtsch et al . 2001) 
The effect IS supposed to be mediated by intracellular glutathione depletion, since 
reduction of glutathione level by buthionine sulfoximine also increased inulin flux 
on the same RBE4/C6 model (Mertsch etaL, 2001). Interestingly, buthionine sulfox- 
imine treatment neither induced any change in EC304/C6 model, nor enhanced the 
5Jisceptibihty to NO-induced oxidative stress (Hurst etaL, 1998). 

Brain endothelial cells possess highly active antioxidative defense mechanisms, 
but these can be damaged by aging and diseases. Several enzymes and compounds 
have been tested to prevent oxidative stress in brain endothelial cells (Table XI). An- 
tioxidant enzymes superoxide dismutase and catalase alone did not change sucrose 
permeability of brain endothelial monolayers, but at higher concentration, they pre- 
vented the increase in sucrose permeability induced by menadione (Lagrange et oL, 
1999). Antioxidative compound W-acetyl-tysteine showed a time-dependent effect. 
When added to brain endothelial cells, it had a TEER decreasing immediate effect, 
no change was seen with further incubation; finally, overnight treatment resulted 
in a TEER-enhancing protective effect (Gaillard et al, 2003). Free-radical trapping 
nitrone compounds a-phenyl-A^-fert-butyhiitrone, 2-sulfophenyl-iV-fert-butyhutrone 
and NXY-059 showed no significant effect on barrier integrity in nonnoxic or is^ 
chemic conditions (Djehouck era/., 2002). Desferrioxamine mesylate, a chela- 
tor, dose-dependently increased TEBR (Table XI). Vitamin C and E, and a-lipoic 
acid did not change inulin flux in pordne cerebral endothelial monolayers, while po- 
tentiated the effect of VEGF (Table VI). Free-radical scavenger dimethyl sulfoxide 
on ECV304/C6 model showed no effect at 10 min, it increased TEER at 30 min, but 
it resulted in a dose-dependent reduction in THER after 18 h (Easton and Abbott, 
2002; Hurst and Clarlc. 1998, 1999). 



Effects of Miscellaneons Phaiinacological Treatoients 

Effect of Drugs Affecting Vasoactive Mediators 
arid Pathogenic Fflctors 

Receptor agonists and antagonists of endogenous hormones (Ihble FV) and 
vasoactive mediators (Table VII) may have a therapeutical role in modulation of 
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BBB penfieability with the aim either to prevent t)rain edema fomation or to 
induce temporary BBB opening for a drug targeted to the brain. 

Similar to the effect of endogenous catecholamines (Table IV). drugs acting 
on adrenoceptors may alter BBB permeability. Phenylephrine, an a-adrcnoceptor 
agonist, increased, while pi receptor agonist clenbuterol decreased fluorescein flux 
(Borges et aL, 1994), though propranolol, a blocker of /Jl and pZ receptors, did not 
change the sucrose Pe in a bovine in vitro BBB model (Eddy et ai, mi). Prazosin, 
an aradrenoceptor antagonist could change the basal permeability-increasing effect 
of noradrenaline and treatment with this drug combination resijlled in a decrease in 
fluorescein flux (Borges et ai, 1994). 

Selective bradykinin B2 receptor agonist RMP-7. similarly to bradykinin, in- 
creased paracellular sucrose flux, while did not change 70 kDa FITC-dcxiran perme- 
ability through human endothelial cell monolayer (Mackic et a)., 1999). Bradykinin 
B2 receptor antagonist HOE 140 alone did not alter TEER in ECVWCfi cocuUure 
model, but it protected against the bradykinin-induced decrease in barrier integrity 
(Easton and Abbott, 20(32). intracellular histamine-binding site anlagonisl A'.iV- 
diethyl-2-[4-(phenylmethyl)-phenoxy]ethanamine deteriorated barrier integrity in 
mSnolayers of mouse brain endothelial cells cocultured with rat C6 glioma cells 
(Deli et ai, 2003). Senktide, a selective neurokinin NK? receptor agonist peptide 
did not change sucrose Pt in a bovine model (Eddy et at, IW7). Angiotensin 
It receptor antagonist sarathrin did not alter, while saralasin decreased barrier 
permeability through bovine brain endothelial monolayeis (Guillot and Audus, 
1991). 

Adenosine, an endogenous neuromodulator activates A|. Aja. Ajb. and A3 
G-protein coupled receptors. Brain endothelial cells express adciiiosine receptor 
subtypes A2A. and A.r, and es nucleoside transporter (Schaddelec el ai, 2{X>3). Ba- 
solateral application of selective Ai agonist cyclopentyladenoslnc. selective AiA 
agonist COS 21680, or A| and A3 agonist 2-chloro-yV-(3-iodobcn7.yl)adcnt)sinc-5^ 
A/-ethyl-carboxamide (2-Cl-IB-MECA) did not change significantly TEEP or per- 
meability for fluorescein or4 kDa FITC dextran (Schaddeicc ei ai, 2(X)3). However, 
apical application of high dose of 2-Cl-IB-MECA caused a temporary decrease 
in TEER ($chaddelee et ai, 2003). Nucleoside transporten; at the BBB are in- 
volved in the regulation of brain extracellular adenosine level. BCX-.34, a purine 
nucleoside phosphatase inhibitor, alone or in combination wiih dipyridamole, an 
inhibitor of nucleoside transport and selective inhibitor of cGMP dependent phos- 
phodiesterase V, decreased BBB permeability both for purines and for peitneability 
markers sucrose and FITC-albumin in a 3-diniensional rat BBB model (Parkinson 
efa/.,2003). 

Effect of Giutatnate Agonists and Antagonists 

Excitatory neurotransmitter glutamate plays a crucial role in the pathology of 
Ischemic brain injuries, and Increases BBB permeability as it was demonstrated in Ta- 
ble VII. Glutamate receptor agonists and antagonists also alter barrier integrity and 
pharmacological studies may facilitate development of drugs effective in the preven- 
tion of postischemic brain edema. In a preliminary study. NMDA and kainic acid, 
two classical glutamate receptor agonists, were without significant effect on BBB 
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fno 1 r ^? nietabotropic glutamate receptor (mGluR) agonist itrans^±) l- 
l7^!n^2'^^^"T"'^'^^'^^' ^'^l^ ^^^^ ''^VorAy increase barrier 
(Sharp crfl/., 2my NMDA antagonist MK-801. intracellular Ca2+ scavenger TMB-8 
?K ^-acetyl-L-cysteine could protect against glutamate-induced deterio- 
«?ln! f f verity in this model (Sharp et ai, 2003). Exogenous glutamate. 
as well as glutamate-contammg fraction of supernatant produced by stimulated poly- 
moiphonuclear leukocytes, increases permeability for 70 kDa FITC-dextran in a 
^nnS T '''■^^^•^d^^elial cells with high passage number (Collard et oL. 
2002). This effect can be prevented by treatment of group I or group in mGluR 
receptor antagonists, while group I (3,5-dihydrophenyl-glycme) or group HI (l-2- 
ammo-4-phosphonobu^^^^ mGluR receptor agonists had glOtamate-like effect 
(Collard et e/., 2002; We XH), 



Ejfect of Sedatives 

. ^ Barbiturates, such as methohexital or thiopental (Fischer etaL, 1995), benzodi- 
azepines, such as diazepam or oxazapam (Eddy etaL, 1997), opiates, such as morphine 
(Utrent et aL\ 1999) or fentanyl (Fischer aL, 1995). or ethanol (Easton and Abbott, 
2002; Hurst and Clark, 1999) had little, if any, effect on TEER or permeabiUty for 
tracers used in reconstituted in vitro BBB models (Table XII). 



Effect of Cytostatic and Immunosuppressant Drugs 

Cycloheximide, an inhibitor of de novo prptein synthesis, and vinblastine, an al- 
kaloid affecting tubulin interactions, decreased TEER value (Gaillard and de Boer, 
2000; Gaillard et aL, 2003), though vinblastine treatment did not alter sucrose pj 
(Eddy et aL, 1997) in bovine brain endothelial cells. Immunosuppressant drugs cy- 
closporin A and tacrolimus increased the permeability for paracellular markers 
(Dohgu e/ fl/., 2000; Kochi et aL, 1999). Complex of Qrclosporin A with cyclophilin 
B, ite binding protein located in endoplasmic reticulum, iho-eased the permeabfl<' 
ity for cyclosporin A and sucrose through an in vitro reconstituted bovine BBB 
model (Carpentier etaL, 1999). Colchicine, which can disrupt inicrotubules, did not 
change Pe for retinol and retinoic acid (Franke et aL, 1999). Ti-eatment with suramin, 
a drug haying pleiotrdpic activity including anti-angiogenic effept, uncoupling of 
G-proteins, or PKC inhibition, caused a rapid decrease in TEER (Sdiul2e et aL, 
1997; Table XII). 

Effect of Other Miscellaneous Compounds 

Treatment with pyrithiamine, a competitive inhibitor of thiamine transport, in 
low thiamine medium significantly elevated Pe of sucrose, but not that of 4 kDa 
FITC-dextran, in monolayers of rat RBE4 cell line (Romero et aL, 1997a). Hlipin 
III, a polyen macrolide binding to cholesterol in membranes, induced a huge in- 
crease in sucrose Pe after 30 min treatment, though no change was observed at 
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aLTp^n^! H H ^'"'^'^ Polysulfate. a semisynthetic glucosamine, 

glycane. alone did not change barrier integrity, however, it could prevent increased 

d XH) ^'^^^''''^ ^^^^"^^ (D&^etaL, unpjibJished; Table VII 



Effect of Osmotic Agents 

Osmotic stress induced by arabinose or mannitol induces a rapid and reversible 
decrease m TEER, and increases permeability for known paraceljular markers su- 
crose and muUn through brain endothelial ceU monolayers (Table XII). 



Effect of Metabolic Inhibitors * 

Acute energy deprivation leads to a decrease in intracellular (ATP) concen- 
tration, which may be accompanied by changes in endothelial monolayer perme- 
ability. Although several compounds, such as 2-deoxyglucose, mdustrial toxicant 
m-dinitrobenzene, or iodoacetate damaged barrier integrity, other treatments such 
a^otechlorohydrin, mitochondrial aconitase inhibitor fluorocitrate, KCN, or m^thi. 
azol did not alter BBB permeability in the models used (Table XII), 

Effects of Other MisceUaneous IDreatmentis 

ITie luminal surface of brain endothelial cells contains glycocalyx residues that 
establish a negative charge, which contributes to the barrier phenotype. Negatively 
charged molecules, for example, FITCHdextranS or nanoparticles, crosses the barrier 
in significantly lower amount than neutral or cationic ones (Fenart et al, 1999; 
Sahagun et at. , 1990). While nanoparticles did not change basal permeability of brain 
endothelial cells, their transport was enhanced by lipid coating. 

As opposed to anionic charge, cationization of ferritin, albumin, or anti-tetanus 
immunoglobulin Fab'2 fragment all leads to better transcytosis of above-mentidned 
macromolecules without changing barrier integrity (Table XHI). Furthermore, al- 
bumin loaded in lipid Coated cationic nanoparticles had a 27-fold enhanced trans- 
port (Fenart et aL, 1999). Neutralization of the brain endothelial lumitial suifoce 
charge by cationic ferritin, ias opposed to the treatment with neutral ferritin, re- 
sulted in increased transport of Evans blue dye. a small polar molecule, whUe 
TEER and permeability for 20 kDa m.w. HTC dextran was not changed (Hart et ai, 
1987). 

Glycosyiation of albumin, sunilarly to Cationization, also resulted in an 8-f61d 
elevation of transendothelial transport (Smith and Borchardt, 1989). 

Monoacylation of ribonuclease A facilitates the transport of the enzyme through 
the BBB: palmitoylated and stearoylated, but not myristoylated, derivatives show 
increased BBB transport without degradation of protein or modification of barriier 
permeability for sucrose or inulin (Chopineau et aL, 1998). It is suggested that a 
minimal length of 16 carbon atoms is required for a translocation of ribonuclease A 
across monolayers of bovine endothelial cells cocultured with rat astrocytes. 
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I ^"^'^^.'^y phage display technology, single domain andbodies could be 

selected to effectively cross human in vitro BBB model and in vivo BBB with a 

There is a debate on the effects of electromagnetic fields on biological systems, 
among them on the function of the BBB. Exposition to 1.8 GHz electromagnetic 
helds for 2-4 days significantly enhanced the permeabiUty for sucrose in pordne 
bram endothelial monolayers (Schirmacher c/ai, 200G). 

Finally, temperature changes, either hypothermia (4, 22, or 32»C) measured 
by inulm flux, or heat stress (43°C) measured by TEER had na^effect on brain 

endothehal barrier integrity (Table Xin). In contrast, in epithelial ceUs, temperature 
strongly affects TJ function, and higher TBER values are measured at ambient 
temperatures than at ZTC (Matter and Balda, 2003a). 

CONCLUSIONS AND FUXmE PERSPECTIVES 

In the third decade of in vitro BBB research, the number of permeability studies 
has been considerably expanded. Several exceUent in vitro models have been de- 
veloped, for example, of bovine and porcine origui, and they show highly restrictive 
paraqellular permeability properties and BBB phenotype very close to the in vivo 
parameters (Table I). Despite efforts to critically compare in vitro models and trans- 
fer results between them with the purpose to establish an ideal model or reference 
system, no optimal in vitro BBB model exists and further diversification of BBB 
models is expected (Reichel et al., 2003), 

Hie number of published papers on in^tro BBB models modulating paracel- 
lular and transendothelial permeability by physiological, pathological, or pharma- 
cological factors has been proliferated in the last 10 years. Although some of the 
original reports may be missing from the present review, the compiled data clearly 
show that in vitro models have significantly contributed to the better understanding 
of brain endothelial transport pathways and regulation. At the same time, these 
results may also point out a weakness of our knowledge acquired on in vitro BBB 
models till now, namely that many of the systems used are poorly characterized and 
comparable barrier permeability parameters, such as adequate TEER and Pf. values, 
are missing. 

Despite debates that there is no clear correlation between TEER and Pe. the 
presented data also demoiistrate that the best models with highest TEER give the 
lowest /\; values. Because of the difficulties in obtaining models with sufficiently tight 
paracellular barrier from many species (e.g., rat, mouse, human) and because of the 
need to develop models for specific applications a compromise can be made. There 
is an agreement that models with minimal TEER of 150-200 €2 cm^ give reasonable 
solute or drug permeability results (Gaillard and de Boer, 2000; Gjimbleton and 
Audus, 2001; Reichel et al., 2003). 

Many models do not comply with the above-mentioned minimal criteria and 
results obtained on these systems should be critically evaluated and cautious in- 
terpretation of data is needed. "Riis observation may also fadlitate the repetition 
of pivotal experiments in valid and reproducible in viftro BBB models. However, 
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even results obtained on the best available models should he compared v/ith in vivo 
measurements to reach a general conclusion about the effcql qf a physiological or 
pathological factor or a drug on the BBB function. 

There is a need for better human in vitro BBB models, which can bo probably 
achieved by development of human brain endothelial cell lines of high quality 
Adaptation of techniques developed in epithelial cell biology to the brain endothelial 
monolayers may give a further impetus to in vitro BBB research and revival spcciRcs 
of brain endothelial Tj and regulation of BBB permeabiliiy. 

Drug and gene targeting to central nervous system, as well as gene and protein 
profiling of brain endothelial cells under physiological and pathological conditions 
are two areas in which in vitro BBB model system can be successfully exploited and 
fascinating new results can be expected in the next decade of research. 
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The blpod^brain barrier (BBB) is a difibsion barrio, which fanpedes 
influx of most compoimds from blood to brain* Three cellolar elemeats 
of flie brain microvasculature compose tte BBB-^doflieM cdl8» 
astrocyte end-fee^ and pericytes C^Cs>. Ilgbt Junctions (TJsX present 
between the cerebral endothdial ceDs, form a dififusion barrier, which 
selectively excludes most bloodMbome substances from entering die 
brain. Astro^tic end-feet ti^li% enslieatfa flie vessel wan and appm to 
be critical I6r tiie Indncilon and malntenaiice of the TJ barriei; but 
astrocytes are not believed to have a barrier ftmction in the mammalian 
brain. Dysfunction of the BBB» for example, impairment of tiie TJ seal, 
compUcates a number of neurologic diseases faidudhiig stroke and 
nenroinflaminatory disordm. We review here tiie recent developinents 
in our understanding of the BBB and the nde of the BBB dysfonction 
in CNS disease. We have focused on intraventricubr hemorrhage 
(IVH} in premature infimts, wldch may hivolve dysfiinction of flie TJ 
seal as w^ as immaturi^ of the BBB hi tiie gem^lnal matrix (GM). A 
pmdty of TJs or PCs, coupled witb ineon^ete coverage of blood 
vessels by astroc^e end^feet^ may account for the fragili^ of blood 
vessds in the GM of premature hifhnts. Finaily, tids review describes 
the pathpgenesis of tncr^sed BBB permeabBty In ihypoxia-iscbemia 
and inflammatory mecluuiisms involving die BBB in septic oicqpha* 
lopathy^ HIV-induced dementia, multiple sclerosis, and Alzhdin^ 
dhioasfo 

O 2004 Published by Bbevier Inc. 
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Introducflon 

Hie blood^farain barrier (BBB) is a difibsion barrio es;seatial 
for the noimal function of the c^tral nervous system. The BBB 
endothelial cells difif^ fcom endothelial cells in the test of tiie body 
by the absence of .fenestrations, more extensive tigbt junctioiis 
CTJs), and sparse pinocytic vesicular transport Endothelial cell 
tight junctions limit die paiacellular flux of hydrophilic molecules 
across tiie BBB. In contrast, small IqtophOic substances such as O2 
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alid- C02 difiuse freely across plasma membranes along fheir 
concentration gradient (Orieb et aL, 198S). Nutrients including 
glucose and amino adds enter die brain via transporters, wh^^eas 
rec^tdr-niediated endocytosis mediates die intake of larger npiol- 
ecules including insulin, leptin, and iron trunsj^rin (Pardridge et 
aL, 1985; Zhang and Pardridge, 2001). In addition to endothelial 
cell% die BBB is conqK>sed of the capiQazy basement membrane 
(BM), ashXM^ Old-feet qisheatiiing die vessels, and pt^cytes 
CPCs) embedded i^diin the BM (Fig. lA). Pericytes are die least- 
studied celhilar component of tibe BBB but zppear to play a key 
role in angiogenesis, structural mtegrity and drfiEerentiation of die 
vessel, and formation of endodieM tJ (Allt and I^wrenson, 2001 ; 
Balabanov and Dor^-Dofi^, 1998; Bmiopadtyay et aL, 2001; 
Lindahi et aL, 1997). ft is believed that all the pomponents of tibie 
BBB ate essential for 

The birildfaig blods of ttie BQB 

Tlgfa junctions 

jmiction complex m tfie BBB comprises TJ and adherens 
juhption (j^i The TJs ultraslnictiually appear as sites of apparent 
fiii^ mvplTdng the outer IcHaifleis of plasma mmibrane of acQaceht 
(endptheM cellis OE^ig. liB). I^teeze fiacture replica electron micro* 
grq>bs .depict TJs as a set of continupus, anastpmpjsing intra- 
memhiiBnous strands or fibxib on P-fece vridi a conpIemiKitaiy 
groove on die &&ce. Ihe number of TJ strands as well as die 
fiequoncy of dieir ramifications is variable. A<Oierens juinctions are 
compbsf^ of a (^dherm-(»tenin complex and its assodaled 
proteins. The TJ consists of diree integral membfrane proteins, * 
namely, claudin, occludin, and junction adhesion inolecules, and a 
number of cytoplasmic accessory proteins inohidmg ZO-1, iZO-2, 
2X3-3, cmgdm, and odiens (Fig. IC). C^plasmic proteins link 
membrane proteins to actjn, which is 4ie primary cytoskeleton 
protein for die maintenance of structural and fimctional mtegdty of 
the endofteliuin. 

Claudins . 

daudms-l and -2 Wjore identified as mtegral component of TJ 
strands in 1998 (Etoise et aL, 1998), Sk> fi^ at least 24 me^^ 
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Fig. I . Blood' brain barrier and the light junction. <A) Schematic drawing of the blood-brain barrier in transverse section showing endothelium, basement 
membrane, pericytes, astrocytes, and tight junctions, The localization of giap junction, GFAR and aquaporin-4 are shown, (B) Electron micrograph of | 
mammalian blood -brain banier showing endothelial tight jancttpn. [Adapted from: The Bipod -Brain BaiTier Celhiiar and Molecular Biology. Pardridg^ 
W.M. ( Ed.). Raven Press]. (C) Schematic representation of pxDtein inteiaction associated with tight junctions at the bipod - brain barrier. Claiidilti. occhidin, and ^ 
junction adhesion molecule are the transmembrane proteins, and ZO-i, and ZO-3, ciQjgulin, and others mike cytoplasmic pipteins. Ciaudins are linked \ 
to actins through intermediary cytoplasmic proteins. 



of claudin family have been identified in mouse and hunnaji, 
mainly through database seawjhes JMorita et al., 1999a). They arc 
22 kDa phosphoprotein iand have four transmembrane doinains, 
Ciaudins are the major components of TJ and are localized 
exclusively at TJ strands as revealed by immiinoreplica electron 
rnicroscopy. Ciaudins bind homotypically to ciaudins on adjacent 
endothelial cells to form priniary seal of the TJ (Funise et al., 
1999). Carboxy terminal of ciaudins binds to cytoplasmic pro- 
tjeins including ZO-l. ZO-2, and ZO-3 (Furuse ct a!., 1999), In 
brain, ciaudins- 1 and -5, together with occludin, have been 
described to be present in endothelial TJs forming the BBB 
(Liebner et al., 2000a; Morita et al., 1999b). Fig. 2 depicts 
expression of claudin-5 in cerebral blood vessels of a terra 
newborn. Claudin-ll, also laipwn as pligodendiocyte protein 
(OSP), is a major component of CNS myelin. Loss of claudin* 
1, but not .claudin-5, fix)m cerebral vessels was demonstrated 
under pathologic conditions spuch as tumor» stroke, inflammation 
(Liebner et al., 2000a,b; Liiq)oldt et aL, 200QX as well as in vitro 
(Liebner et aL, 2OO0b). 



Occhtdm 

Occludin was identified in 1993 as die first integral protein 
localized at die TJ by inrmwmogold freeze fracture microscopy in 
chickens (Fiiruse et al.; 1993) and then in mammals (Ando- 
Akatsuloi et al., 1996). it is a 65-kDa phosphoprotein, significantly 
larger than claudin. Occludin shows no amino acid sequence 
similar to the ciaudins. Occludin has four transmembrane domains, 
a long COOH-terminal cytoplasmic domain, and a short NHr 
terminal cytoplasmic domain. The two extracellular loops of; 
occhidin and claudin prigiiiating from neighboring cells form flie| 
paiBcelhilar banier of TJ. TTie cytoplasinic dotnain of occludin is/ 
directly associated with ZO proteins. The e7q>ressibn of occhidin 
has also been documented in rodents O^rase et al., 1997) and adu^J 
htiman train (Pq[)adopoulos et al., 2001) but not m noimal bmas^ 
newborn and fetal brain. OcchuHn ©tpressioti is much lugberJi| 
biatn q;idothd^ to noiuieural tissues, 

appears to be a regulatory protein Qiat can alter paracel 
piam^t]dHty ; . ^ 
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Fig. 2. CIaudin-5 (red in A) and GFAP (u'hite in B) inninimolabeling of ceiefaibl blood vessels of a term newborn, tbis infant wlib cafdiomyppathy died in our 
neonatal intensive care unit on day 2 of life. Coronal section of frontal cortex \vas immunostained with claudin-5 and GFAP in ptir laboratory. CIaiidin-5 is 
strongly expressed in blood vessels. Astrocyte end-fee*, visualized by GFAP<staining, closely cover the blood vessels. Colocaltzation by double-labeling of 
claudln-5 and GEAP (Fig. 3C). iScalc bar « 20 |un. 



Occludins and claudins assemble jato hetieropoiyin^rs and form 
intramembranous strands* which have been visualized in frceze- 
fracture replicas. These strands have been proposed to contain 
fluctuating channels allowmg the selective diffusion of ions and 
hydrophilic rapiecules (Matt«r and Balda, 2003). Breakdown of tht 
BBB in tissue surround[ing brain tumors occurs with cohcdnutant 
loss of a 55-kDa occludin expression (Papadopoiilos ct al, 2001). 
Together, claudins and occludins form the extxqcellular comppnept 
of TJs and are both required for formation of the BBB (Sonoda d 
al., 1999). 

Junctional adhesion molecules 

the third type of TJ-associatcd membrane protein, junctional 
adhesion molecules (JAM; approximately 40 kOa), has recently 
been identified (Martin-Padura et al.. 1998). They belong to the 
tnmiunoglpbulin superfemily. They have a single transmembrane 
domain and their extracellular portion has two iramunoglobulin' 
like loops that are formed by disulfide bonds. Three JAM-related 
protdns, JAM-1, JAM-2, and JAM-3. have been investigated in 
ipdent brain sectioxis. It was observed that JAM-1 and JAM-3 are 
expre^ed in die brain blow! vessels but not JAM-2 (Anirand^ 
Uxm et aU 2(M)1). The GCinesstoii of JAM in human BBB is 



to be explored. It is involved in cell-to-cell adhesion and 
monocyte transniigratiori through BBB (Aurrand-Lions et at., 
2001; Bazzoni et aL, 2000). However, our knowledge on function 
of JAM is incomplete, and more investigations are required to 
unfold its itinction in the BBB. 

Cytoplasmic acciSissory proteins 

Cytoplasmic proteins mvolved in TJ formation include zonula 
occludeiis proteins (ZQ-l, ZO-2, and ZOt3), cingulin, 7H6. and 
several others. jsO- l (220 kDa), 20-2 (160 kDa), and ZO-3 (130 
kDa) have sequence similarity with each other and belong to the 
family of proteins known as raembrBne*associated guanylate 
kinaserlike pmtem (MAGUKs). They contain three PDZ domains 
(PDZK PbZ2, iand PDZ3), one SH3 domain, and one jguanyl 
kinaselike (GUK) domain. These domains function as protein 
binding molecules and thus play a role in organizing proteins at 
the plasma membrane. The PDZ 1 domain of ZO- 1 » Z0'r2, and ZO^ 
3 has been reported to bind directly to COOH-terminal of claudins 
(Itoh et al., 1999). Qccludm interacts with the GUK domain on 
ZO»l (Mittc fX al., 2(KX>). JAM was also recently shown to bind 
directly to ZOri and Cffiuo' PDZ-opntaining proteins (Ebnet et at., 
2000). bnpoitaiidy; actin,^tfae prinmiy cytoskeleton protein, binds 
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to CX)OH-tenninal of ZC>1 and Z(>2, and this complex cross-links 
transmembrane elements and Hm provides sttuctund stqpipoit to the 
endothelial cells ^lasldns et aL> 1998). 

Adherens Junctions ^ 

These junctions consist the membrane protein cadhedn that 
joins the actin cytoskeleton via intennediaiy proteins> namely, 
catenins, to form adhesive contacts between cells. AJs assemble 
via hemophilic interactions between the eKtmcellular domains of 
calchini-dq>«ident cadhedn on the siu&ce of adjacent cells. The 
cytoplasmic domains of cadherins bind to the submembranal 
plaque proteins ^- or y<!atemn^ which are linked to the actin 
cytoskeleton via tt-catenin. AJ components including cadherin» 
alpha-actinin, and vinculin (a-catenm analog) have been demon* 
strated in intact miciovessels of the BBB in rat TJ and AJ 
components are known to interact, particularly ZO-1 and catenins» 
and influence TJ assembly (Matter and Balda, 2003). 

Brain structures Uxdmg a SBB 

The BBB is present in all brain regions, except fin: the 
cirumventricular oigans mcluding area postrema, median emi- 
nence, neurpbypopbysis, pineal gland, subfiomical oigan, and 
Uunma ternodnajis. Blood vessels in these ^reas of the brain have 
fenestrations that permit diffusion of blood-bome molecules 
across the vessel wall. These unpiptected areas of the brain 
regulate autonomic n wous system and endocrine gjands of flie 
body. 

Notably, choroid plexus epilheUal cells possess both TJ and 
AJ. Claudins-1, -2, -11, occludin, and ZO-1 are present in ' 
q)ithelial TJs of choroid plexus, wh^neas claudins-1, -5, -11, 
occludin, and ZO-1 form tiie TJ of the BBB (Wolburg, 2001> 
Thus, the difference in molecular compo^tiQn of TJ betwera 
choroid plexus (blood^CSF barrier) and the BBB is with respiect 
to claudms-2 and -5. 



Role of a^strocytes in flie fonnafion of the blood-brain barrier 

A number of grafting and cell culture studies have suggested 
that the ability of CNS endo&elial cells to form a BBB is not 
intrinsic to these cells, but CtiS enviiomnent induces the terri^ 
property into flie blood vessels. Avascular tissue was transplanted 
firom 3-day-old quail brain into flie coelomic cavity of chick 
.embryos; and it was observed that tiie chick endb&elial cells 
vascularizmg the quail brain grafts formed a cpmpet^t BBB 
(Stewart and Wiley, 19^1). In contrast, when avascular embiyonic 
quail coelomic grafts were transplanted mto embryonic x^ck bram, 
the chick ^dotfaelial cells that invaded the mesencbymal tissue 
grafts formed leal^ capillaries and venules. Culhired astrocytes 
implanted into areas with normal leaky vessels have induced 
tightening of endothelhim (Jaozo: and Rafi^ 1987). Blood vessels 
fiom solid CNS and. perq[>heral tissues giaded to bram sustained 
and maintmned their morphologic and pemoteability characteristics 
(Broadwell et aL, 1990). Hbweyei; peiq>heial neural and normeoral 
tissues not possessing i3BB piopei1i<M not acqune such 
characteristics on transplantetion^^^^ t^^^^^^^^ CttS. Direct (k>ntact 
between endothelial cdli^ aiid as^ necessary 
to generate an optiinal BB? (^^i(bu^ 1991), Hig^ trans- 
endo&elial resistance 6m l^. mzi^cbi^ human or bovine 



endothelial cell monolayers that are cultured in astrocyte-condi- 
ticmed media, suggestmg that an astrocyte-derived soluble fictor 
may be responsible fi>r induction of BBB characteristics in endo^ 
dielial cells (Meuhaus et aL, 1991). 

However, sub^ent investigatois criticized die culture and 
transplantation experiments on mefiiodoiogic grounds and also 
di^greed widi flie view that mature jBstrocytes play a significant 
role m flie uiitial expresdon of flie BBB (Hola^ et al., 1993). It 
was rq>orted that uOaGt neuronal or glial cells were not necessary 
for the mmntenance of the BBB prop^es (Krum et aL, 1997). 
Th^ induced neuronal and glial injury by injecting hnmunotoxin 
0X7-SAF and the ribosom&-inacdvatmg protein saporin into the 
adult rat striatum. The micrpvasculature was noted to be intac^ 
allowing a qualitative immunoldstochenucal analysis of several 
BBB mark^ at time pomts ranging fioin 3 to 28 days postm- 
jection (Krum et al., 1997). These contradictions may be resolved 

additional experiments tising host annuals of differ^t ages, 
standard grafting mediddology, and systematic analysis of grafls 
after vascularization. The role of astrocytes in the fonnation of 
file BBB is of great int^ftst to scient^ 
implicatiohs. 



Astrpcyte-endoflieUal faiteraction and sigiialing pathways 

buercdbdar signaling: inductive irfiuence of iastroqintes on 
&idoAdiaJ ceOs 

Nmnerous efforts have been directed on definmg ag^ that 
med^ the inducdon and maintenance of the BBB. We aie 
reviewmg only selected studies here. It has demonstrated in 
astrocyte-^dodielial coculture exp^unents that TGF-$ produced 
by astrocytes is responsible for the down-regulation of tissue 
plasminogen acti^tor (tPA) and anticoagulant dux>n)bQnK^ulb 
(TM) e^qpression m cerebral endothelial cells (Trm et at, 1999). It 
is plausible diat TGF-P isecTBted by astrocytes may have a role in. 
protectmg Oie brain agahut intracmhral bleeding hi ddldren and 
adulte and agamst intravi^itricular premature infiuits 

by decreasmg the levels of diese anticoagulant fictors, In anodic 
esqMsmient invohnng tQF-$, diet influence of astrocytes and TXff 
^ on difi^entiatiion of endodieiium and PCs was studied in an in 
vitro culture mode (Riuqasau^ et 4^ 2002). This study suggested 
that a close association of astrocytes and ehdoflielfairn was required 
for the inductipn and organization of ^idothelial cells into capil^ 
laiy-like structuro (CLS). hi contriast tp die mftuence of astrocytes, 
TGF-pi led to flie fomiation of a defective CLS^whic* lacked 
PCs, recruited fewer endothelial cells» and was shorter in leng^ 
Thus» astrocytes have a significant influence on die morphogenesis 
and the organization of die vessel wall, and the effect of TOF-31 is 
different fiom die astocytic effect Glial ceUrderived neurotcopio 
growfli factor (GDNF), a member of TQF-p femily, seems to be 
involved in postnatal maturadon of die BBB (litsumi et aL, 2000). 
Cerebral endodielial cells aro a . major source of adr^omedallin» 
ydiich regulates die cerebral dnadation mi BBB fiinction (Eis et 
aL, 2003). Dflier chemical agents fliat have been shown te 
differentiate BBB aro interieuldiH} C[L-6)i hydrocortisone (Hoh^ 
sel et aL, 1998), and basic fibroblast growdi fector (bFGF) ^pbue 
etaL, 1999). 

In smomatyy due to technical limitations associated with live 
tissues, only culture mefliods have been utilized so fitr to desoibe 
agents dmt aro myolved.m BisB maturation. A.numb^ of fectois 
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have been shown to induce formatidn of CLS in cultaie studies, but 
it is not known whether similar mechamsins vpg\^ m vivo. 

InterceOular signaling: inductive inftuenoe of endoAeSal cells on 
neuronal precursors and astrocytes 

Intriguingly, there are also reports about the inductive 
infhienpe of «idothelial cells .on astrocytes and on neuronal 
precursors. It appears fliat astrocytes and euloflielial cells oross 
talk with each other and regulate each o&er's &nction. Endo- 
thelial cells se^ to be the primary source of leqketnia-iidiibit- 
mg ftctor QjP), which Mps to induce astrocyte di&iradation 
in vivo (Nfi et al., 2001). CJianges in the morphology of 
neonatal rnouse cortical astrot^tes &Uowing their cocultuie with 
mouse brdn capillary endolheiial cells QiBoA i) have been 
observed bl^d 3 cells altered the morphology of astrocytes 
by transfbrniing tii^ fiom confluent monolayers into a netwoik 
of dongated imdtioeUular columns (Yodor, 2002). la ^ditton, 
astrocytes in coculbires ishowQd increased Ca^ responsiv^ess 
to brac^kinin iand ghitamate. FurAennore, -the glial-endodielial 
partnetdiip has bem shown to tip-n^^ilate aquaporin4 e^qpies^ 
sion in astrocyte end-feet (Etash et al., 1998) and mcrease 
synthesis of antioxidant em^m^ in bodi astrocg^ and endo^ 
dielium (Schroeter et aL,^ 1999). 

tt has been obs^ed Aatdlvidmg n^nonal cells are feund in 
demo clusters associated widi tibe yasculi^ure, and roughly 37% 
of all dividing cells are immunor^ctive for i^othelial maxkexs. 
This suggests . that, neurogen^is is intimately associated wilfa 
active vascular recruitment and snbsequeiit remodeUng O^ahner 
et bI^ 2000). Recent obs^rs^ons suggest that fiiere is a causal 
interaction betweoi testosterone-induced angiogenesis and neuro- 
genesis in the adult ferebrain (Lomssamt et aU 2002). this ' 
sttidy has demonstrated that testostmne up-regulates vascular 
endothelial growth fiictor (VEOF) and its midotheM receptor in 
the his^er vocal center of adolt cuiaries» which leads to 
angiogenesis. Angiogenic stimulation induces synthesis of 
brain-derived growth &ctor» ^ch stunulates neurogenesis. 
Hence, these studies indicate dut Aero is an instructive role 
of ^dotfaelial cells on neurogenesis, gliogenesis, and CNS 
development 
» .. 

Calcium signaling between asttv^^ 

CSalcniin waves that propagate in an astrocyte netwodc have 
been demonstrated in primaiy cell culture esji^imuBjiits,^^^ 
campal slices, azid m isolated retina. Bois^^ few stuidies 
..have addressed die issue of dynamic si^uding b^een i^dofiie* 
Ixnm and astrocyte. Ihis astro^h^CTdofteliuiil calc^^ signa lin g , 
mecibftnisTTP has bie^ investigated in two in yitiro obcultoe 
models: (1) rat cortical ^astnKqrtes vwA ECV304 cells and (2) 
rat cortical astrocyte with primary lat brain .capillary endothelial 
cells Oraet et al., 2001; Paemeleire^ 2002). Ihisy have demonr 
strated that intercellular calcium waves mediate bidirectional 
astrocyte-endothelial caldum signaling in both culbue models. 
Their expmments suggest ftat two sigoaUng meciuauffins aie 
involved. First astrocytes and endothelial celb can exchange 
cateium signals by an intracellular IP3- and gap junctipn-<lq)en- 
dent pafliway. Seccpod, patiiwsy involves extracellular difiGision of 
pimnergic messenger: Howevei; in situ, flie basement m^id>rane 
is inteiposed in between flie aidodielium and astrocytes. Forfliar- 
more, PCs are embedded m the basem^ membrane .mid thexeby 



not in direct contact with either endothelhun or astrocyte. These 
findmgs tfaerefere need confirmation in brain sUces. hiterestmgly, 
a recent elegant study peifermed on rat cortical slices has shown 
that dilatation of arterioles trigg^ed by neuronal activity is 
dependent on ghitamate-mediated [Ca^ oscillations m astrocytes 
(Zonta et aL, 2003). Inhibition of calcmm responses resulted in 
impairment of activity-dqpendent vasodilatation. In addition, 
direct astrocyte stimulation triggered vasodilatation and astro* 
cyte-mediated dilatation was mediated by cyclooxygenase 
(COX) product in conchision, neuron-astrocyte sigiwling is 
central to the iymm control of brain microcirculation. Since 
up-regulation of CQX expresdon leads to increase m prostaglaiib- 
din and since prostaglandin may influence BBB permeability, we 
speculate tiiat neuron-astro^ sigpalmg may be a mechanism in 
regulation of BBB i^eability. 

Signaling paikwe^ assbciatied with Hgfit Junctions 

There are two principal types of signal transduction process- 
e$ associated with f J: (1) signals transduced fibm die cell 
icctertor towards Tj to guide tiidr assembly and regulate para- 
cellular pimieability uid (2) signals transmitted fiom TJ to die 
cell intmor to modulate gene expression, cell proliferation, and 
dijGfoentiation (Matter and Balda, 2003). The mechanism of 
signal transduction is not completely understood. Multiple 
signaling patiiways and proteins have been implicated m die 
r^^tioi^^ of TJ assmbly including calcium, protein kinase A, 
protein kinase 0 protein, (»Imodulin, cAMP, and phospho^ 
iBpaib 0 0alda et al., 1991; Izumi et aL, 1998). Calcfam acts 
bodi ktr»seUu|arty and exti^Uularly to regulate TJ acti^dty, 
ttid sevjeanal of tile mollies modulating BBB pecmeabitity 
see^ to act \isy iSi^^ mtraceQular caldum. bitiacellular 
caldum plays a role in increiasing ttansendodielial resistance as 
well as in 2X>1 migration fiom intracettular sites to plasma 
mendbi^ a^ asseiiibfy ^memm and 

Begg, 1994). Raiffliig exiracelltdar caldum triggers a series of 
molecular events, which increases resistance across tiie memr 
brane and decsc»ises the . penneability (Stevenson and Begg, 
1994). These ev^ are nii^^^ J^ugb heterotrimeric O 
prptem and protein Idn^ Fur- 
flieimore, tyrosine kinase activity is necessary fi>r TJ reassembly 
during ATP repletion, and tiie tyro^ phosphorylation of 
occludin, ZO-2, and pl30/ZO-3 has roles to play in TJ 
reformation (following TJ disnq)tion) (I^idcamoto and Nigam, 
1999). Based| on tiie studies done so fer^ it^^ a^^ that ZO and 
occittdin molecules aro prunary regulatory protems of TJ that 
modidates BBB permeability^ SDowem; the role of claudms in 
r^ilation of TJ has yet tb be ex^ioied. 

Pericytes and the BBB 

Pericytes OE^Cs) are cells of ntic^Vessels including capillaries, 
venules, and arterioles diat wrap around the endothelial , cells. 
They, aro tiioug}it to provide structural support aiid vasodynamic 
capacity to tiie micrbvasculature. hnportandy, PC loss and nucro^ 
aneurysm fi)rmation in PDCF-B^d^dent mice have been ob- 
searyed (J^^^ <^ .aL, 1997). this suggests fliat PCs play a key 
role m tile^^s^^ &M)aity of tiie vessel walL.Metabolic injury 
tof PC^V^^^^^^^^^ mellitQS is assodated witii miabaD»uyBin 

fimnation:; i^^^^^ (^Jsm fmd Ekigerman,. .1996), and PC 
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degeneration is seien in herediteiy cerebral hcmoirhage with 
amyloidosis (Yeibeek et aL, 1997). Thfe evidence suppor^ the 
view ttiat PCs play an essential role in &e structural integrity of 
miciDvessels. PCs e}q>ress a vmxbei^f receptors fcr chemical 
inediatbrs sudi as catecholamines (El&nt et aL, 1989)« angiot^- 
siii n (H^y and Wilt 1993), viasoactive intestinal peptides 
(Benagiano ^ aL, 1996X endotheHn-l (Ddiouck et al., 1997), 
and "mopr^sin (wn Zwietm et al^ 198SX indicating tiiat PCs 
may also be involved in cerebral autoreguladoit 

The role of PCs in ieuigiogenesis and differentiation of die 
BiBB has beoci stndied in an in Vitip culture model (Ramsauer 
et aL, 2002). This study suggests that PCs stabilize CLS formed 
by endothelial cells in culture with astrocytes by preventing 
apopto^ of endo&eifaun. The fict Aat endothelial cells asso- 
ciated with PCs iare more resistant to apoptosis tiian isolated 
endothelial cells further supports the role of PCs in stmctural 
integrity and genesds of the BBB. A number of exp^ental 
observations support the concept that PCs regulate angiogenesis 
and inay pby a role in BBB differentiation (Balabanov and 
Dore-Duffy. 1998; HuscM aid D^Amore. 1997). An ultiastruc- 
tural study in embryonic mouse bram has shown Aat endothe* 
lial cells together with ?Cs start invading die neural tissues 
around ElO (Bauer et aL.^1993). Lastly, PCs exhftit phagocytic 
activity and may be involve in neuroimnnine fimcticms (Bala- 
banov et aL, 1996). 



Fetal brain anatomy, germinal matrb^ and devdopinent of 
BBB 

Fetal brain anatomy and germinal matrix 

the wall of die fetal cerebral hernisphere coiisiste die ventric- 
ular zone, subventricular zone, intermediate zone, cortical plate, 
and marginal zone, as described by flie Bould^ Committee (1970). 
A localized thickaiing medial to the basal ganglia in the subv^^ 
tricular zone, which bulges into the lateral ventricle, is referred as 
the genmnal matrix. This periventricalar germinal matrix (GM) in 
human fetuses, located in die region of the tiialainostriate groove 
beneath tiie ependyma, is densely pacted with neuroblasts and 
glioblasts and is richly sq[)plied with capillaries. It undergoes 
progiessrve deopease in size fiom a, mdth of 2.5 mm at 23^24 
weeks to 1.4 mm at 32 we^ and to complete invohition by 
approxhnately 36 weeks (Harnbleton and tViggleswordi» 1976; 
Szyinonowicz et al., .1984). 

Development of die BBB m the GM has been studied in 
baboon mid beagle pup models at the deyelopmaatal stage, 
during which premature infints develop GM hemonrhage. iBlec- 
tron microscopic exmnination of geondnal matrix papillaries m 
baboons at 100 days (54%) of gestational age has revealed 
continuous endodieliuin, prraninent tight junctioxis, umntern^)ted 
basonent membrane, and cleady identifiable astrocyte end-feet 
(Bass et aL, 1992); GM capillaries in the beagle model showed 
a sigoificant increase in basemeiit membrane area, tig^t juntion 
leogBi, and coverage of cq>illaxy perimet^ by glial endrfeet 
(fiqm 79% to 95%) on day 10 cornpared to day 1 O^ent et aL, 
1995). In contrast, microvessels of the 'wWte matter showed no 
changes in these parameters during this time period, which 
suggests iiat blood vessels in the white inatter mature earlier 
dian those of vasculature in flie GM. Subsequent investigatom 
hwPt ehirfied cortical nlate vasculatare in human fbtus telen- 



cephalon of gestational age 12 and 18 weeks, and tiieir findings 
are consistent with the observations made in the beagle pup 
model. They observed diat perivs^lar (Average by estrones 
and radial glia was more extensive for IS^week fetuses couh 
pared to 12^week fetuses (Bertossi et aL, 1999). thtis, it seens 
that coverage of blood vessels by asttoctye end-fee^ tight 
junction length, and basal lamina area in the OM iniereases 8S 
a function of conceptional and postnatal age and diat th& 
maturation in GM possibly ^gs b^ind die white matt^ 

Development of Ae BBB 

The temporal development of the BBB varies widi species 
and this has been best studieSf in rodents, the first blood 
vessels mvade flie outer surfiu* of die developing neural tube 
at ElO in the mouse and £11 in die mt (Bauer et aL, 1993; 
Stewart and Hayalcawa, 1994). Neurogenesis in the de^lopiDg 
mouse neocortex occurs between embryonic days 11 and 17 and 
up to E21 in rats (Jacobson, 1991), Gliogenesis starts ftom B17 
in rodents and continues in subventricular zone evien in tbe 
adult period (Jacobson, 1991). The mvasion of hlood vessds 
into die developing nervous tissue is tbere&ro associated wifc 
neurogenesis radier dian with gUogenesis (Rakic, 1971). The 
formation of tiie BBB starts shorfly i|ft«r intraneural neovascu- 
larization, and die neural mimoivirpnment seems to play a key 
role in inducing BBB fimctipn in ©apillary endothelial cells. 
F^estrations in the iiitinpar^cfaymal oexebral vessels are fie- 
quent at Ell, decline rapidly, and are not seen ate B17 
(Stewart and Hayakawa. 1994). Thus, the BBB seems to 
develop between Ell and B17. this also suggests that devd- 
opment of TJ may precede die devdopment of astrocyte cni- 
feet Occhidin ©q)res8ion has been rqK>rted to be low id tat 
brain endodielial ceils iat postnatal day 8 but cleariy detec^fe 
on postnatal day 70 (ffliase et < 1997). Development of pflicr 
TJ molecules has not been investigated* At pres^ot, tiiere is no 
systemic study of die devdopmwit of TJ. astrocyte end-:Mi an» 
PCs in the devdqping human brain^ 

GFAP, vimentin, andaquaporin 4 

In rodents, astrcKSj^ is^^J^^ fibrillary aoid^ 

protein (GFAP) immunoreactivity, aro first detected at B16 
aLi 2002). b hbnans, vunentin has been demonstrated in ^ 
v^tricidar saone at 7 weeiffl Mid older, and GFAP-positiye^; 
start to appear at 9 weeks in die qrinal cord and at 15 wcdcs m 
tlie cerebrum (Sasaki >t ai:, 1^88). Bpe^^ 
GFAP-positive wii ftelr radial prob^ses ejctend^ 
tricular zone (SVZ) at 19 weeks (Gould and H6wM» 
However, GEAP-pbsitive astrocyte difEferentiatioii in GM oc 
progressively only after 28 weeks, which led to derise iietw 
fibers by 31 weeks. Hence, GFAP immuiiostaining is not^ 
effective mediod to evaluate astocytes hi GM befiro 28 weei» 

Aquaporin 4 (AQP4) imniunosteining is an exceflent tool J 
evahiate astrocyte end-feet and die BBB (Fi& 3). ^n^^' J 
electron microscopy has demonstrated diat AQP4 is ^^rfj^ 
glial ixiembfanes and ependymal cells, AQP4 is pa*^^^ 
stcongly ,e?q>ressed m glM niembranes fliat aro in direct con ^ 
with capillaries (Nielsen et aL, 1997). We have also ^ovm^. 
AQP4 expression is high^ polarized and most immunoieactivity _ 
present in astrocyte end-feet AQP4 expression had been dcmoj 
strated on embryonic day 14 in chick embryos (Nico et al., 2UUi> 
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Fig. 3. Aquaporin-4 (A) and lamtntn (B) exprsssion in ceiebral blood vessel of a teem human newborn. Goronal section of cerebral cortex (frontal lobe) 
immunpstained in our laboratoi^ for aqi|aponn-4 and lamiptn. (A) Aquaporin-4-staimng of astrocyte end-fcct seems to be contintious. (B) Laminin slairw the 
basement membmne of the blood vessel^. (C) Colocalizstion of aquaportn^ and lamininv Laminin expression b on luminal side, and aquaporin^ labels the 
astrocyte epd-feet covenng the blood vessels, Scide bar » 50 |tm. 



We have seen AQP-4 staituiig of astrocyte end-feet in pretnature 
infants as early as 23 weeks of gestation. 



Clinical impiicadons 

Opening of th^ BBB in pathdphysloif^ 

As di^ussed eartier, under physiologic the BBB is 

reliaitivciy impemie^ In j>aiholpgic 0hto^ a number of^ 
chendcd iti^iajibi^ -a^^ th4t iricrea^ BBB pertneability. 

Seyemi; pf thcjse nite^ia^ <>f ojpenii^g have been smdied in 
both tnlvivo and tn vittp exprnmebtis and include glutainate» 
aspartate, taurine, ATP, endotheiin-1, ATiP. NO, MIP-2, tumor 
necrosis lactor-a (tNF-o)> MP 2. and BL-^, which are prpduc^: 
by astipcytes (Abbpn, 20dO, 2002; Chen ct a!-, 2000; jKustoySei el 
al., 1999; Magistretti et al., 1999). Other humoral agents reported 
to increase BBB penneahility are bradykinin, 5HT, histatoine, 
ftrombiii^ UTP, UMP» substance P, quinolinic acid, platelet- 
activating factor, and fiee radicals (Abbott, 2002; Annunziata et 
al^ .1998; Pan et al., 2001; Sfastny et al. 2000). The source of 
these. fiRtVm^^MftB of inter^t Some of Ibe^ 

ageiUs^ai«:iMeased/b^^^ vand^cadpth0Uumr^^if 
legponite^to^lfae odc^^ for ^essainpfe^e^^ 
acts osi^EiA^ceee^ vmt^^f^B^^ 



of neuroiis runnhig dose to blood vessels rel^se m^iators, such : 
as histamine, substance P; and glutamatc, which influence BBB 
permeability. 

Germinal matrix hemorrhage and the BBB 

CM hemorrhage commonly affects premattire bfanis and has 
an incidence of 1.45% of live births or approxitmtely 5800 cases 
per year in the United States (Anstnom et aU 2002). Intravcntrio- 
tilar hemorrhage (IVH) occurs when hernbirba^e in the GM 
rupnares through the epeiKtyma^m lat^ ventricles (Fig. 4). 

The etiopathogenesis of GM hemorrhage is multifactorial, and a 
combination of yasciilar Wd intravascular Actors is considered to 
be responsible. Perinatal ^^a^^ events. sucH as vaginal 

delivery (Ment et aK/i992). cKorioamnionitis (DiSalvo, 1998), 
hypoxia (Antohiiik^aridida:® hypercaibia (Kenny et alii 

vl978)//prietm (Volpe. 1989a). 

seizures, -a^^ (Voipe, 1989bX lead 

\ ' to^sij^ificani^^^ flow or blood pressure 

insiiiecm^ and may participate in 

raptiue of tbViGM Vascular risk factors relate to 

\fr^U^tof tte^ Since th 

aii^^ stabilize the cerebral 

tbioixi ves^ we speculaie.tbat ti^ rea^m pss fragility of the GM 
; ^^^asm^a^ is^incon^ of GM cqnDaries by asfiocyte 

:end;f^:P^ ceidnal endothelial cells.and 




Fig. 4, Intra ventdcular hcmurrhage. Coronal sections of the brain pf a pi«mature newborn of 26 tv^s of gv-statiunal age who died in our nconota! imensive 
care unit. Lauml \entnctcs an: filled with bk>od and axe mildly dilatcii (A and B}^ 



immaturity of BM. and/or PCs. Interestingly, a recem investigation 
has suggested that GM hemontiage is primarily venous in origin 
((jhazi-Birr>^ et al', 1997), J-Iowevcr, this report based on postmor- 
tem study of brain trom four premature infants with IVH needs 
confinnation by studying larger gn;>up of subjects. 

The GM hemorrhage may lead to hydrocephalus and other 
long-term sequelae. Hemorrhage in GM presumably destroys 
neuron and glial cell precursors that are destined to populate layers 
li to VI of cerebral cortex. Infants with a history of IVH have a 
higher incidence of seizures, neurodevelopnriental delay, cerebral 
palsy, and death. Understanding the reason for vulnerability of GM 
microvessels to hemorrhage will definitely help in developing 
therapeiitic strategies* 

Hypm ic- ischemic insult of the BBB 

The effect of hypo.xia- ischemia on the BBB has been extent 
sively investigated. Hypoxia- ischemia sets in nnotion a series of 
events, which leads to disruption of TJ and increased BB3 
permeability, These events seem to be mediated by cytokines, 
VEGF, and NO. 

Elevated levels of proinflammatory cytokines, ILrl ^ and TNF- 
a have been dentonstrated in animal brains alter focal and global 
ischemia (Feuerstein et al., 1994) and in cerebrospina] fluid of 
stroke patients (Tarkowski et al, 1 997), In an in vitm model of the 
BBB consisting human cerebrpvascular endothelial cells and 
astrocytes, it has been observed that simulated ischemia stimulated 
lL-8 and MCP-I secretion from endothelial cells and astrocytes 
(Zhang et al„ 1999). In a ftirther study, the same group of 
investigators provided evidence that human astrocytes subjected 
to in vitro hypoxia release inflammatory mediators that are capable 
of up-regulating genes of IL-8, lCAM-1, E-selectin. IL-I3, TNFra, 
and MCP-i in human cerebrpvascular ^dothelial cells (2Uiang .et 
al., 2000). Increased cytokines and subsequent up-regulation of 
endothelial and neutrophil adhesion molecules lead to transmigra- 
tion of leukocytes across the endotheliiim and Oie BBB. Blood 
vessels associated with neutrophil recruitment display increase in 
phosphotyrosine staining, loss of TJ molecules including occhidin 
and zonula occludens, and apparent redistribution of adherens 
junctions protein yinculin (Bolton et al, 1998). Thns^ leukocyte 
recruitment seems to trigger signal transdu^on cascades that lead 
tn di.soreahizatibn of TJ and BBB breakdown. 



Hypoxia induces pemfieubility in porcine brain microvascular 
endothelial cells via VEGF and NO (Fischer et al, 1999). VEGF 
enhances transcytosis and gap formation between endothelial cells | 
and induces fenestration in untenestmted human and porcine 
endothelial monolayers in vitro (Hippensiiel et al, 1998). Subse- 
quent studies have shown that hypoxia-increased release of VEGF 
led to decreased expression, dislocalizatioh, and inci«ased phos- 
phorylation of ZO-I CFischef ei al. 20()2). In another study, ^ 
hypoxia induced a 2.6-^fold iiicrei&e in 1(14) C) sucrose, a mariner ^ 
of paraceliujaf perin^biiityv expression of actin, apd; 

changes in occludiri; 2(5-1. and Za-2 protein locriization in ' 
primary bovine biiain itiieroye^l endothelial cells (Mark and 
Davies, 2(K)2:). Intei^ting^^^^ astrt)pytes pi-otiect the BBB agaio^ j 
h^oxia-induoed dis^^ protciti, zdnula occlu- 

dens, and paraceliular perineabiiity changes by decreasing VEGF ^ 
expression in porcine brairt microvascular eridotlielial cells (Fisctef ; 
et al. 2000)/ Other invcstigatore have made similar observations 
(KondoetaL 1996), 

In conclusiofi, these investigations suggest that increased BBB 
patmeabiiity induced ISjf^^^i^^^^ involves a cascades 

events in which cytokbes. VEGF. and NO are the main players m 
astroc)^s appear to- j3|iig^l j:a^^ Mbst of these c^^ 

elusions l^ed on in viup experimerits need foijthcr <^firmanoa:J 
by performing expoiriients ;ini?yiyo aiid tii Wts^ct .tissues. 

Break down of BBB in siptic enceph^^ ^ 
the pathophysiology of septic encepha inclydinig <l^| 

creased cerebral blood flow and oxygen extraction by the ib^| 
cerebral edema, and breakdown of the BBB may he retoted^^ * 
several reasons— the effect of infliammatory mediators on 
cerebrovascular endothelium, abnormal neiuptransmitter Pomp 
tion of the reticular activating system, impaired astrocyte ft"^*^^^ 
and neuronal degeneration (Papadopoulos et al., 2000). A va 
of evidence demonstrates that the BBB is compromised in 
encephalopathy. (Colloidal iron oxide (Clawson et al, % 
amino acid (Jeppsspn et al., 1981), and '^I-albumin (D^g 
1995) have been shovm to enter brain parmicbynia fifcWiS 
circulation in rodents. In addition, elevated CSF protein bas^ 
observed. Celhilar pathology mtderlying this blood^^ 
tion has been irepofted by several investigators jncluoi 
increased binocvtosis tii cierebial microvessel .en<f 
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swelling of astrocytes in rabbit with endotoxemia (Clawspn ci al., 
1%^); (2) perivascular edema, swollen astrocyte end- feet with 
ruptured membranes, and detachment from microvessel walls in 
septic pigs (Norenbeig, 1994); and (3) daric shmnken neurons in 
pigs 8 h after inducing peritonitis (Papadopoulos et al., 1999). The 
adrenergic system has been implicalfed in the inflammatory re- 
spond to sepsis (Tigbe et al., 1996). ^2 adrenor^eptor stimulation 
appears to suppressed, and a 1 adrenoreceptor stimulation seems 
to induce an inflaimnatory response and hence influence BBB 
permeability. 

Disruption of BBB in brain tumor 

The BBB is poorly developed in brain tumor leading to 
increased vascular perHneabtlity (Croothuis et aL, 1991). Inves- 
tigations have shown that there is opening orinterendotheiial TJ in 
human gliomas (Long, 1970) and metastatic adenocarcinoma 
(Long, 1979), The expression of the TJ protein daudin-l is lost 
in the microvessels of glioblastoma multiforme, whereas claudin-5 
and occhsdin are significantly down-regulated and ZOl expression 
is unaffected (Liebner et al* 2000a). A loss of S5 kOa occludin 
expression in microvessels, observed in astrocytoma and metastatic 
adenocarcinoma, may also contribute to endothelial TJ opening 
(Papadopoulos et al., 2001). 

The explanation for loss of TJ molecules in brain tumor 
microvessels is not clear. Hesyever, VEGF, cytokines (de Vries et 
al., 1996), and Scatter factor or hepatocyte growth factor (Lamszus 
et al., 1999) secreted by astrocytoma and other brain tumors may 
be involved in down-regutating TJ molecules leading to TJ 
opening, increased vasciilar p^edbility, and cerebral edetn9. It 
is also po^ible ^at poorly difTerentiated neoplastic astrocytes do 
not release factors necessary for BBB function. 

Since cerebral edema is an important consequence of brain ^ 
tumor, water channel molecule, AQP4, has b&sn examined in brain 
nimor by several investigators. AQP4 is massively up-regulaied in 
astrocytoma and metastatic adenocarcinoma and this conrelates 
with blood -brain barrier opening assessed by contrast-enhanced 
computed tomograms (Saadpun et al., 2002). Mice deficient in 
A0P4 have a much belter survival than wild-type mice in a model 
of brain edema caused by acute water intoxication. Up-reguiation 
of AQP4 has also been noted in rat models of ischemia {taniguchi 
et al., 2000) and brain injury (Vizuete et aj., 1 999), Thus, it seems 
that breakdown of the BBB associated with brsdn tumors and other 
forms of brain injury increases the expression of AQP4. However, 
the exact mechanism of AQP4 up-regulation in different clinical 
situations is not known. 

Inflamed BBB: HIVrinduced dementia, multiple sclerosis, and 
Alzheimer disease 

In normal brain, highly specialized cerebral endothelial cells 
limit entry of leukocytes and circulating substances into die brain. 
Neurologic conditions including HIV-associated dementia, muhi- 
ple sclerosis, and Alzheimer disease alter the integrity of the BBB 
with consequent migration of leukocytes into the brain (Lou et al, 
.1997; Minagar et al, 2002). Leukocyte migration into brain has 
been shown to trigger signal uansduction cascades leading to loss 
of TJ molecules including occludin and zonula occludens and BBB 
breakdown (Bolton et al., 1998). 

Astrocytes and microglia play a significant role in host 
defense as well as in the padiogra^is of infectious and autoim- 
mune diseases of CNS, They ordinarily protect tfie CNS but in 
pathologic cireuiDslaiiciss can amplify inflammation and misdiate 



cellular damage. Interaction of astrocyte^ microglia^ and immune 
system leads to an altered production of neurotoxins and neuro- 
tropins by these cells, which have roles to play in the pathogen- 
esis of HIV-induced dementia, multiple sclerosis, and Alzheimer 
disease (Minagar et al, 20D2). HFV encq)halitis is associated with 
immune activarion of astrocytes and macrophages. HIV-infected 
macrophages or microglia and astrocytes release cytokines, che- 
mokines, reactive oxygen species, and a number of neurotoxins, 
which impair cellular functioning, modify transmitter action, and 
cause leiikoencephalopatby and neuronal loss (Sharer, 1992). The 
neurotoxins inchide TNF-o, arachidonic acid, nitric oxide, plate- 
let-activating factor, and quinolinic acid. TNF-a is released by 
HIV-infected macrophages, which particularly affect oligodendro- 
cytes (Johnson, 1988). Nitric oxide is synthesized by macro- 
phages, endothelial cells, and* neurons, which react with 
superoxide anion to produce peroxynitrite (Boven, 1999). In 
addition, nitric oxide is associated with NMDA-type glutamate^ 
induced neurotoxicity. Quinolinic acid also plays a major role in 
pathogenesis of neunonal damage^ in HI V-induced dementia. 

In Abdieimer disease, rntcroglia and astrocyte are activated by 
[Vamyloid protein and related oligopeptides, leading to a cascade 
of events producing toxic molecules, neuronal damage, and syn-r 
aptic dysfunction ((jiulian et al.« 1995). Reactive macrq>hages or 
microglia closely associated with neuritic and 1^-amyloid plaque, 
and interaction of macrophages and astrocyte possibly leads to 
release of jnterieukiii-1 p (IL-I W, TNF-a, transfomning growth 
factor-p, neurotropic factors such as NOP and bNGF, and reactive 
oxygen species (Klegeris, 1997a,b). In addition, it has been shown 
that |5-amyIoid stimiilate^ NF-kB that induces transcription of 
TNF-a, IL-l, lL-6, monocyte chemoattractant protein- 1 , and nitric 
oxide synthetase (Akama, 1998). The details of the signal trans- 
duction pathway tfiat mediates neurotoxicity in Aizheiitier disease 
are not known. 

Most investigators believe that multiple sclerosis is an autoim- 
mune disease in which reactive T cells recognize and destroy 
myelin sheath and the underlying axons (Wekerle* 2003). An 
antigcn-speciJBc T cell receptor called Hy.2El I has been isolated 
firom a T cell line fipm a patioit with multiple sclerosis (Lang, 
2002). This receptor recognizes two peptides, one derived tirom 
myelin basic protein, which is bound to HLA-0R2b, and other 
derived ftom the Epstein- Barr virus, which is bound to HLA- 
DR2a. Tite reactive T cell interacts with the antigen presented by 
macrophages- or micfoglia-expressing HtA-DR2a and HLA^ 
DR2b. Activated rnacrophages synthesize and secrete nitric oxide 
and cytokines including interferon-y, TNFna, and Ih-X which 
damage oligodendrocytes causing mtcrfemtcc 'wlih myelination 
and myelin gene expression (Chao et al., 1995; Merrill ei al.. 
1993). Disruption of the BBB is one of the initial key steps in 
multiple sclerosis, which follows massive infiltration of T cells and 
the fonnation of demyelinative foci. 

In conclusion, the padiogenesis of HIV-associated dementia, 
multiple sclerosis, and Alzheimer disease involves activation of 
inflammatory mechanisms, production of toxins and neurotropins* 
and the breakdown of the BBB. 

Future directions 

Rapid progress in the BBB research has led to a belter 
undeistanding of BBB ma!pbolo& and pbysiolpgy. However, 
several key questions related to normal htunan development of 
the BBB are ttnanawered Data op eTgoession of claudins- 1 , ^2, -5, 
and -l! in Inain eadottelial edb to human fetuse$, pretenn, and 
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term inftnts are lacking. Morphology of the gjiovascular interfece 
of gcbninal matrix compared to other areas of humaii brain cortex 
has not been adequately studied. TMs xosxf be critical to undor- 
standing why the blood vessels of GM are fiagOe and prone to 
bleedmg in premature infints. In addj^on, a number of puzzles 
with respect to fhnctional property of the BBB toe yet to be 
resolved: How do TJ molecules assemble? How are they regulated 
in dififerent physiologic conditions? How do they interact widi 
several mediators^ neurotxansmitteis» and mediations? How do 
th^ alter in disease conditions? Ov^ die coining years, emerging 
irifonnation on the mechanisni of BBB disnqttion may help in 
fiMrmulatmg strate^^ to protect BBB and to prevent land treat 
BBB-ielated padiplogies. 
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The biood-brain barrier (BBB) consiste of a layer of endo- 
thelial cdb diat line die bk^ 
ttie brain (Fig. 1). this layer is hdd together by tigjht 
jtmctions produced iii response to signals from astrocytes. 
Th^ tight juiurtions prevent small molecules from diffusirtg 
tfaipu^ Ihe gaps between d^ 

{Fig. i). Blecause ttie diffusion of molecules across the c»lls via 
other means (e.gv pinocytosis) is minima^ tiiese tight juitc- 
tions and their liiherent impermeability to water-soluble mol- 
ecules or molecules larger ttian 200 to 4CK) create the BBB. 

The BBB permeability of most molecules can be predicted 
on die basis of ftieir bctanol/water partition coeffidents (68, 
183, 84). R>r example, diphenhydramine (Benadryl), which has 
a higji coe&dent, ^sily accesses the brain, whereas water- 
sohible Idiatadine (Oaritin) does not cross die BBB and has 
Httie effect on die central nervous system (CNS) (30). How- 
ever, permeability is not absolute and diffusion across die ^B 
reflects tfie octanol/water partition coefficient, aldtougji it 
may b6 low. Therefore, virhiaUy aU albumfai (SOxng/lOOml) in 
cerebrospinal fluid (CSF) is from the ultrafilttation of senim (3 
g/lGO ml), as is die small amount of immunogjtobuliri M 
(approximatdy M IfiQO/m *at is noicmaUy present in ttie 

CNS. A- . 

Substances widi low partition coeffidents ttiat easdy pene- 
trate the CNS are generally ushered abross die BBB via active 
or fediilated transport {Fig. 2). Transport is bfteri asymmetric; 
depending on ion channels, specific transported, ^^:\ergy-,: 
dependent pumps, and a limited amount of receptorf: 
inediated endocytosis. Glucose, amino adds, and small int^-.: 
mediatemetabolifces, for example, are carried into the brain via 
fadltoted transport mediated by specific proteins, whereas 



larger molecules/ sudi as insulin, transferrin, and ottier 
plasma proteins, are carried across die endodielial layer via 
receptor^mediated or ad$orptive endocytosis (55). 

Some sik^ sohxtes witii high odanol/water partition coef- 
fidents are observed to pooriy penetrate die BBB. Recent 
studies demonstrated that tiiese molecules are actively trans- 
ported bade into die blood by effiux systems (55). These sys- 
tems canbe particulariy troublesome for drug delivery across 
^ the BBB. For exampfe, P-glycoprotein (P-gp), whidi is a mem- 
ber of 0ie adenosine triplu)sphate-bbtdiiig cassette family of 
exporters arid.is found in brain capiflaries, has been demon- 
strated to be ;a potent energy-dependent trwisporter. P-gp 
contributes^grcatiy to the efflux of xenobiotics from die brain 
and has in^r^ingly been recognized as having a protective 
role and omferring drug resistance by impeding the delivery 
of therapeutic agents (70) {Fig. 2). The organic anion transport- 
ers . dhd gfa^diioner^ependent lidtdtidrug^ resistance- 
assodated prbteina (MBP) contribute to the effiux of 
orgaiUc^ons from Aebkin and G$F, ahd many (if nptmost) 
drugs i>ddi <3© pern^ab^ 
substrates for a:^es^i.efihix proteins (F<?* 2). 

Recent rcsearch'suggested diat blocking of these transport- 
ers, some of which can be inhibited by probenecid, for exam- 
ple (9), could improve deUvery across the BBB. MDKI- 
defldent mice, for example, are phenotypically normal unless 
exposed to drugs diat are normally pumped .out of die endo- 
jftielial cells by P-gp (70). Furtiienndre, it was observed that a 
colony of dogs diat exhibited unexpected neurotoxidty widi 
die idiMnistration of iyermectin„whidi is an excdlent P-gp 
sub^te, were defident in flie transporter (44). Attentiori has 
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increased levels of P-gp, which has generated interest in tfie 
devdopment of inhibitors of this transporter as chemothera^ 
peutic agients (70). Unfortunately, effective doses of P-gp in- 
hibitors, such as cydosporih and veiapaxnil, are often toxic 
More detailed inibimation ian the BBB can be found elsewhere 
(5,7,26/40,48,49,5^. 



FICUR^ 1- 9lood vessds in Qie human bndn (A and B) and inuigpig of 
Ute BBB (Q and V), there are appnaimat^ 0) milei qf c^tarks in 
fHie hmn, wiih a surface area of apprmrnaiAf 12 niF, tpMdt ia iOOQ twte^ 
larger ffm fhe suijhce area cf the dtproid plexus, the origbi of ihe hloodr 
CSF harrier. A, photograph of blood y^sels. A plastk aHulsion was 
injected into the brain vessds, ind brdih parendtyrnal tissue was di^ 
(frpcv Zlokovic BV, Apuzzo MLJ: Btrate^ to dnaai^^ bar- 
riers of the central nervous system. NeurosUrg^ 43:877-^78, 19$8 
[92]), B, electron rmdroghqih demoiistraHng del^^ 
(dark areas in the vessd lumen) that is muibk to petietnde beyond a tight 
pmction (arrows) between endotheWd cdls; (B) (courtesy of Dr. MUton 
Brightman, National Institutes of Health). C and D, imaging with super- 
paramagnetic iron oxide particles partiaUy coated ynfti dextrm (Feridex; 
Berlex hdioralories, bic, Wayne, NJ), whidi are 0ie stie of adiauh 
associated virus virions and can be observed jd tfm light {and electrpn 
microscopic leads and xoith MRL C, MSI^sckn pbtpinM 
BBB openmg and mtravascultur it^iikon c^ siq^ia^^ 
parHdes, Distrihution of itie superfUiitiimjpt^ 
Umnighout &te ardmil }iptdsphm^6^^ 
incre^ed MSd m^aL I>, ded^m ndaog^ 

the partides are trapped, in idie hasenient membrane (aiird^ : 
exposed to brain jmrendtynuL Vterdry MRIcdii suggest ^MiiNS^^^ 
ery across the BBB xohen the contrast ajgent (iron partides) is iKtiMly 
trapped at the Imsment membrane (46) (D, origfml indgjidfia^m^ ^ 
yMJMhVfVessdhmmMA^ 



also been focused on other efQux transporters, particularly 
nudepside transporters (21). 

Inhibition of P-;gp niay also have consequences iridqwndent 
of drug delivery, ^me g;lial tumors, for example, demorvstrate 



CHOROID PLEXUS AND OTHER 
CIRCUMVENTRICULAR ORGANS 

In addition to tiie endotiielium of the BBB, tight junctions 
are foimd in the epitheliuih of the choroid plexus (28) and in 
tihe arachnoid monbrane tiiat surrounds the surfece of the 
brain and ttie spinal cord. These tight junctions limit the 
xnoveonent of solutes into and out of tiie C$F. Microvilli ^ve 
the small choroid plexus a iaige surface area (48, 55), ensuring 
tivat the brisk blood flow througji the plexus can replace ttie 
total CSF volume every 3 to 4 hours. Net sodixmi tranq)ort 
across the plexus feom ttie blood is a cardinal feature of CSF 
production, with concpinitant chlonde and bicarbonate trans- 
port Potassium and addum ions, urea, and some drugs (such 
as penidUin) are pumped out of the CSF (48, 55) and micro- 
nutrients such as ascorbic add are specifically pumped into 
the CSF at the plexus. After solutes enter the CSF, tiiey can 
tiieoretically proceed to the brain unimpeded; however, the 
smaU extracdlular space in the CNS ensures &at diffudpn 
into the brain is limited- 

the CSF acts as a "sinKr" draining protdns and other ine- 
taholites from the interstitial fliiid flpwiitg from tiie ventrides 
over the sur&ce of tive brain; protein levels are generally 
approximately 5 mg/100 ml in the ventricles, compared with. 
30' to 40 tng/lOO mi in tf>e sul»rachnoid CSF, The braiii is 
drained by the CSF as it egr^i^, mainly via arachnoid gran- 
ulations but also, at least ii> ani^^ 

carotid sheath, and olfactory tracts. The volume of CSF that 
leaves tiie QMS via tiiese pseudolymphatic pathways may 
nearly equal the volume of CSF that ieavies via arachnoid 
granulajEbiis (4^. Aitii&ugh influx into the CNS Via ti^t 
junctions is very restricted, tiiLs egressing fluid may contdn 
conqppnents lip to the size of intact white blood cdls. these 
contrasting properties oiisure that tixe brain is highly prptected 
by a imidirectipnal barner (48, 55). 

tWsi ciitum^ which 
lackra BBB; and th0 diotoid plextui also plajr key roles in 
ii^e^aix)lj^ tiodi are densely packed vdfli leptin receptors, 
which, after binding leptins produced by peripheral ^dipp- 
(yt^, initi£^ a signal cascade that results in appetite suppres- 
sion (90). Esc^y how leptins access the hypothakmus is zu>t 
wdd tihde^tobd {^), but evidence suggiesis that decrea^ 
access across tiie hypottialamus BBB mediates obe^ty (93). 

Because of tiiese bkx>d-CNS barriers and tiie lack qi true 
lymphatic vessels, the CNS is often considiered immunologi- 
cally prhdieged. This privileged status is readily demonstrated 
by the fact that .allogenic and even xenbgenic grafts, which 
would be rapidly r^ected if placed systemically,;survive in tiie 
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subject to ch^ges in disease states, 
the infiltiatioh of white blood cells 
into ttxe £NS after bone marrow 
transplantation, for exainple, can 
have a major effect in preventing 
neurological symptoms among chil- 
dren widi globoid letikodystrophy 
and metachromatic leukodjrstrophy 
(35); lymphoma cdls can prefierien- 
tially target the CNS via five choroid 
plesqjs land ccaiiial nerves (2^. 

dUTWITTINC THE BBB 

The treatment of P^uidnson's dis- 
ease represents a model of successfiil 
treitment using the BBB (38), The 
introduction of L-dopa revolution^ 
ized thorapy for Parkinson's disease, 
because X/dopa crosses the BBB via 
the neutral amino add transporter 
HCURE t Afatois^ (which is normaUy only half- 

parrier-mediatei transport system exist for hexoses (glucose, wannose, and galaclpse), rnonocarboxj/lk adds saturated) and is then converted by 






(acetic, lactic, antpyasok adds), Jarg^ neutnd amino adds (tyrodne, phertyMadne, and Isoleudne), acidic andno 
adds (glutamate ml aspartate, basic amino adds (arg^nine and fysine), nudeic add precursors (adenine, 
adenodne, and guanine^, dudine, and tiiyroid hormones (xna iran^hyretin) (22), Qoncem regarding the amsiimp- 
tion(f stuwse and/or the art^idqlsweet^^ 

Imnsporlen, vesidting in hyperactivity, was not documented xoith a^essments (fbdumior arid cognitiori, eoenajter 
vnusuaUy intake (89), The larg^ neutral amino add transporter. Woe Ute gfuoose transporter, is present on io&i 
Uie hmdnai and ahhmdnal membranes (fendoHuM cells (€7)" At least 10 neutral amino adds compete for 
Irarwport via {fe largeneutral amino isdd tTansportet,a$ f ndicaled iri a ttoeritdudy cf pfienyVcetonurui, adisorder 
that causes extremdy M^fi Uvds cfOa neutral andno add pjmyltdm^ in the Ois, resulting in retardatlcn 
ttnless Metary restriction is implanertted (58). Transporter sudi as fhe tiumocaxboxyUc odd trarvsporter for ladate 
and kdone bodies are partictdariy . important diaing Gte neonabd periodf Vndt sdzures, and duHt^ long-term fa^, 
when lactate and ketm Mies are important ^e^ sources for 0febtimiiMieods^^ transporter increase 
to TSfold C42). yihereas the glucose transporter and large netdral ixndnoaddtr^^ 

titey are most important for influx), offier transporters ar^ imidirec^ondl^ux systems. For example, Ute inldbitqry 
neurotransmitters ^utamate and ^tydne are present in blood at concentrations lOOOfold greater than those in the 
CNS, Sudi leods in tite CNS would be hi^dy neurotoxic, as they are when tite BBB is, compromised after 
craniocerdmd trauma or stroke (81). Ther^bre, ^ carrier for smaU neutral amino acids is primarily located on Q\e 
dtduminal niembrane and allows ordy ffflux. Simdariy, brain extracellular potasshmt leods are maintained at 
apprcodmatdy two-Qdrds the leods in blood, so as to not interfere xoith neural tnmsndssion. Potassium ^ux is also 
acconq>lidied wi^ an energy-dependent proceiss exdtangingsoM attheablumimd mettdmme, xoith 

adenodne triphosphate (ATP) as the energy source (Na^/K^-adenosine trif^iosphatase). Encoded by themultidrug 
redstmux ^ene (MDRl^, P-gp is localized to the lundnd membrane of endotluM cdk and pumps m 
orgfom catwns or neutral cmapounds out intp &ie capSkries. Multidrug rvsistanceimKiated 
argfmle anion transporter (OAT) pun^ anions.out of the CNS as ^xx proteha (mcxiified frosv Abbott }>l}, 
Itmero lA: Transporting therapeu^ across the hloodrtrmn barrier. Uol Med Today 2:1(^113, 1996 [llh ^ 



CNS. However, extracellular fluid and CSF can flow to supe- 
rior cendcal lymph nodes, via flie plfactoiy nerves, to activate 
the systemic immune system (particularly file humoral arm) 
against antigens such as albuiiun (32). In addition, aldiough 
transport across tfie BBB is tightty regulated, a slow influx of 
white blood cells into the CNS after bone marrow transplan- 
tation has been noted, and findings of 1 to 3 lymphocytes/ 
mim^ of C^ are considered normal These findings mdicate 
tiiat the irnmunological privilege is only partial and may be 



dopa decarboxylase to biologically 
active dopamine. Treatment witti 
irdopa also dembnstnites the "meta^ 
bplic BBB.*" the dopa decaiboxylase 
inhibitor carbidopa, whidi cannot 
enter endothelial cells, systemicaHy 
blocks the metabolism of LHiopa. 
However, the precursor (dopa) can 
he metaiboHzed to dopamine as it 
creases tiie endothelium and can be 
trapped diere (Le., the metabolib 
BBB). 

Unfortunatdy, analogous thera- 
pies using ace^lcholine precursors, 
such as phosphatidyldiolii^ or dia- 
minoediano], have not been effective 
for the treatment of znovemeht dis- 
orders such as Huntington -$ chorea 
(48). However, direct infu^ipn intb 
GSE of :tiie iTr^aminobutyric^ 
nist baddf^ has been elective for 
fi\e ^treatment of spinal ^asticity 
(48). Intranasal administration is an- 
^ ^ . ^; i ^ \ q^uBT promising avenue, allowing 
drugs to access fl^ ChB via flie olfacto^ nervi^ (7). 

Sbmetiizies the formulation and route of delivery can be 
modified to inaease BBB permeal^ Smith et aL (78) demr 
onstrated that iiitra^^arterial inftisibn of chbraz^ which is 
normally tightly bdund to proti^ns, in a piotdn-fiee infusate 
increased delivery to tiie CNS, because of the hi^ lipophilic^ 
ity of the drug. The opposite approadi is also sometimes 
successful Drugs bound to cationized albumin bind to the 
negatively charged cerd^xsl endottielium and axe transported 
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across the BBB by adsorption-mediated transcytosis. Other 
deliveiy vectors also dgnonstrate promise (54). Friden et aL 
(19) shuttled nerve growth foctor across the rat BBB by ccwi- 
jugating it to the znoiu)donaI antibody which targets 

the transferrin transporter. Ayidin linked to &ti irisuljn frag^ 
ment or an antibody to tiie BBB insulin receptor allowed Shi 
and Pardridge (54, 73) to shuttle biotin-coupled drugs pr im- 
aging agents (up to 4% of flie injected dose) across the endo- 
thelium. Even ah intact (enzyme O-galactosidase) has been 
delivered across ttie BBB, by beir^ G0i:^led tp the human 
immtmodefidency virus (HIV) TAT protein (71). 

For decades, direct instiUatLpn into the brain and CSF pro- 
duced only modest benefits; however, ttiis approach is cur- 
rently imdergoing a resurgence of interest. Prophylactic intra- 
thecal or intraventricular infusion of inethotrexate arid/or 
xytQsine arabir)ioside has been deiaon^tcated to markedly re- 
duce the rates of deafl\ attributable to leukemic zneningitis, 
which was virtually imknown in the 195Qs but, with the 
advent of eflPective systemic chemoftierapy, has becpine a ma- 
jor cause of deadi for children with lymphocytic leukeixua* 
This approadi is less effective for the treatment of overt CNS 
leukemia or lymphomas, because tumor cells fill the periv^s^ 
cular Virdiow-Robin spaces, which limits ttie ability of drugs 
placed in the C5F to reach tiie cells (8). Another strategy that 
has demonstrated little success to date but is promising in- 
volves direct ii\jection of fetal neurmal precursor pells or 
neurons direcfiy into fiie brain for tceatmmt of dinicaimove- 
ment . disorders such as Parkinson's disease (18). 

The major limitatidn with the instillatipn of drugS/ proteins, 
viruses, and cells directly into the brain is five small extracel- 
lular space available. Secondary impediments to success in- 
clude agent size, adsorptive properties, and efflipc For exam- 
ple, treatment of glioxnas with siirgical impkmtatlQn of 
polifepro$an 20 wifii wafer canxiustine (10), a polyxner that 
slowly degrades aiid releases the lipophilic rutrosurea N,N*^ 
bi5(2-chloroediyl)-N-nitrQsourea, has demonstrated only linv* 
ited success because of the slow diffusion of N,N*-bis(2^ 
Ghlorpethyl)-N-hitiosourea and its higji lipophilidty, wldch 
permits efihix back across the BBB. Sixxiilar diffusion problems 
were encountered when fibroblasts ttiat releas&i retroviruses 
carrying cytotoxic genes were placed in the brain; infected 
tumor cells were observed only within a few cell diameters of 
flie injection site (64). However, direct injection into rodent 
brains could reverse S3anptQxns of genetic neuipdegenerattVe 
disease (77). The key problem with direct intracerebral ii^'ec- 
tion models is that drugs wi& good therapeutic efficacy in 1-g 
rat brains usually do not demonstrate the saine efficacy in 
human brains, which weigh more than lOQO g, imless tiie 
target volume is jsmall (i^, basal ganglia in Paridnson's 
disease). 

One approach to solving delivery problems ihyplves cou- 
pling the direct instillation of drugs or vectors witii mechan- 
ical manipulation, to maximize tiie distribution of tiie agent 
Arterial pulsations, for example, may accelerate drug move- 
ment in the brain arid along perivascular spaces by increasing 
bulk flow. Chen et aL (13) prompted the tise of tiiis strategy. 



which is currently referred to as convection or dysis, to in- 
crease the volume of distribution. Testing in animals and 
among patients wjUh brain tuinors has demonstrated ttiat ] 
dironic cpnvectidn can increase brain sucrose levels up to 
lO^OOO-fbld, compared witii intraV^^ 
tion may be best suited for treatment of focal rather titan 
^obal CNS disease, because gfobal deliveiy is not possible 
witii current dysis methods (F^ 3, A and B). 

An alternative to direct instniatioziOT | 
remsibfe<^>enirig(tftheBBB.Rxals^gk>bai 1 
liave been attempted witii a variety of strategies (49, 51). 
Chemicals sudi as dimetiijd siilfoxide, bradykinin or its stable 
potent aiuilog RMP-7, ana^the antineoplastic agent etoposide 
and mechanical stresses stich as hypertmsion and hypercap- 
nia have all been used, but none has been as omsistient .and i 
safe as osmotic BBB disruption (BBBD). Osmotic BBBD is 
facilitated by hypertonic fiqnmetabolizable solutes that are 
ii^'ected intra-artoially and can open the BBB to coiiq>Qnents 
from small drugs to proteins and even tiie herpesvirus (180 [ 
run in diameter). Intra-arterial infusion at a rate to yield a 
pressure just higher than the blood pressure for at least 20 ^{ 
seconds reversibly opens tiie BBB in the region of tiie infused 
arterial circulation for approximately 30 minutes. This in- 
creases delivery of drugs to tiie CNS up to 100-fold, compared 
with levels adiieved with intravenous xnfusiorv even greater 
relative incTeases are adiieved for proteins and viruses (16, | 
34). An advantage of BBBD is timt, alter the BBB has dc»ed, ^ 
drugs in the systemic drculation cart be rieutralized (deared) 
with chelators or modifying agents (60), because the reseafed | 
BBB once again qreales two distinct cqmparfaxients {Fig, 3, C 
andD), 4 

4 

IMAGING OF THE BBS I 

Standard imaging of BBB integrity is performed with small, 1| 

water-soltible, cqritrast agents witi\ short plasma half-lives ; 

(usually <1 h). lodinated contrast agents produce exihance- ] 

ment in tiie btsdn oii cc^puted toinographic (C7) scans, which i 

indicates vAiexe there is a loss of BBB integrity (such as witii ' I 
malignant tumors, abscesses, or other lesions that cause vaso* 

genie edemia). The degree of ei>hancement on CT scans (mea^ d 

sured in Hounstield units) increases linearly witii the amount | 

of cpnti;^ agent entering tiie brain. For magnetic resonance '1 

iinag^ 0V^> #^fe4 gadolinium is as a water-^ ^ 

soluble, ipairaiQ^ contzast agent As witii enhanced CT ; 

scanning, BBB breaches can be observed as enhancanent on > i 
Tl-wei^ted MRI scans, but with greater sensitivity than on 

Ct scans. Signal intensity dianges attributable to gadoliniimi > 

enbsunce^ 1 

result^ : 1 

A hew dass of MRI contrast agents, namely, supecparamag- ii| 

netic iron oxide cbmpoimds (ultra-^inall-partide iron oxide), i 

are now being used to assess BBB integrity (Fig, 1, C and D). ^ 
One sudi agent, ferumoxtran-10 (Cpinbidex; Advanced Mag- . ^ I 

netics, Cambridge, MA), has a long plasma half-life (1-2 d) J 

and is taken up by phagocytic cells (microglia and reactive J 
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FIGURE 3- Uood apj^roadhes far fkug ^^way. WUh a cumfft ficus on dose 
inisnsUjf ttttd Uirg^ed ddh/ery bi CNS fiurspy, Gtort is tttt htpw^g need to 
protect non-CNS Hssues, The B0B pentdt? w^oppfoodfes fir dosMtittit^oe . 
and/or turgeted deUve/y, wt^ ndxwiwudvjfi cf sfitexmc faxkiky (16)» One 
method cftArgtUd ddwery^tat nunhttxztssyspenuc tooddty is adttunisltutionxf 
therapeutic agents direcify into tiie brain via convectUnL A land B, sections in 
wMch iron vxis infused into the cenM hendsphere cfa ad (A and B/ cri^tmd 
wdgn^ication, X5). A, stainmg for iron, ^unping 'distribution (black areas) 
throu^fwut the white ma^ (A, modeled from, Muldoon IL, NUaoer G, KroU 
RA, Pagd MA, Bredk^eld XO, Oaocca EA, Davidson BL, Weissleder R, 
Neuxpdt EA: Omtpgrison of irUracerdmd inoculation and osmotic bkod-brahi 
barrier disruption for ddhxry af ad&ujnnr%is, herpesoirtts and iron wdde parti^es 
tonormdratbndn.AmJPaAol 147:1840-1851, im[45p,:^ heniatoxyJin 
and ^aszn staining, dwudng no addatce of t^sue damage, h/ty^dn staining - 
yidded dndlar readts idala mt Axmd^ C dnd X), dsagjrams indicating that the 
BBB €0Brs a utd^p/ie two~cotnf^rintent wodi^ to separate cytotoxic.drugs tdmed 
at idllk^CNS tutnots from jdteinoprotecttott agaits des^ptoi tpproUct tissues 
sudi ifs Ihe ooddea.andbone nutrroip. For exantpfe^ carfxfUtin (cs^)o) can tie 
odinbdsiend inttorofteritdiy tfter opening of the BBB (O and 9ien, 4 to 8 hours 
(fier .BBB dosure, higfi doses cf thiols sudi as sodium {hiosulfate (SIS) can be 
adndrdstered intnwmousty (D). Sodium thiosulfate does not avss 0te BBB and 
coooHenthf binds nonrCNS iaarboplatin, preventing ^t ototoxicity and even 
mitigating thrombocytopenia (16) (C and X), modified teixv Neuwelt EA, 
BTianmett KE, DooUttle ND, hMdoon IL, KroU RA, Pagd MA, Dopt B, 
Oairdi V, Bemsen IG, Bubah JS: First evidence cf otoprotection against 
carboplutin'induced hearing loss tnth.a two .0mpartment system in patients 
withcentrdnerooussy^tanrmdigpimcyu^ 
Bcp Ther 286:77-^4, 1998 [50]). 



astrcxytes) and generally not by tumor cells. Therefore, de- 
spite dieir large size, relative to standard gadolinium contrast 
agents, these compounds facilitate imaging of brain tumors 
wi& slow leakage into the tumor and brain tissue a^)und the 
tumor and uptake (trapping) by reactive cells in and arpimd 
die tumor. With this approach, additional and/or larger le- 
sions (Fig, 4) have been identified among sppoe patients with 
brain tumors, in comparison with standard gadoUnium-based 
scans (86). Ihese agents may also fecilitate imag^g of inflam^ 
matory brain lesions, including multq>le sderosis (MS) and 
stroke. A National Izistitutes of Health-sponsored clinical trial 
of lion oxide MRI agents for observation of intracerebral tu- 
mors and pflier CNS lesiqnl^is ongoing, 

ROLE OF THE BBB IN DISEASE 

Infections \ 

Much is known about bactenal infections of tiie CNS (62). 
Bacteria such a$ meningooKrci (61) colonize tiie nose, mixac tiie 
vascular syst^ and bind, via pill, to the endothelium of botti 
the brain and die choroid plexus, in particular, the PilC pro* 
fein, which is found m tiie tip of the pilus, is up-regulated Iri 
bacteria isolated from CSP, compared witii bacteria in the 
blood, and this protein may play a crucial role in adhesion, 

Ih the case of pneumococd (65), bacteria bind to the endo^ 
tiielial cell surface via platelet-activating factor receptors. The 
ensuing CNS infection induces increased vesicular transport 
across cells and separation of tig^t jimctions, leading to tite 
release of infiammatoxy pjeptides sudi asiriterleuldivl/ tumor 
necrosis fiactor, and xnetal]oproteina»s (56), To decrease the 
inflammatory damage, corticosteroids are sometimes admin- 
istered, but they can iiestore the BBB Integrity^ thus decreasing 
antibiotic delivery and slowing bacterial clearance from die 




FIGURE 4. MRI scans fbr a patient with a glioblastoma after an excellent 
response to temozolondde, a new oral chemotherapeutic drug that crosses 
the BBB very toell Residual disease was assessed on TL-wdghted MRI 
scans, with two intravenously administered contrast agents* A> 
gadolinium-enhanced scarL B,Jerumoxtrttn-10-enhanced scan. The residual 
lesion in ihe ri^ hendsphere, whidt can be ctearty observed with both 
gadoliidum and forumoxtran-lO, should be noted, A l^-side lesion that is 
not well detected mth gadolinium but is easily dt^erved with iron 
(aaows) should also be noted. 



VOLUME 54 1 NUMBER 1 1 JANUARY 2004 1 1 



Gbpyright © Con8r:6s& of NeurplpBical Swgeons- Unatithof izsd repr^dutrtfen of tWs: a^jfcfe Is jprahtoited. 



Neuwelt 



CNS. However, cx>rticosterpids can also decease the rates of 
morbidity, such as heajjng loss among young children with 
Haemophilus influenzae meningitis, and the benefits of adjunc- 
tive corticQ3teroid treatment thus remain contipfversiaL Anti^ 
oxidants isudi as N^cetylcysteine may be safer ibr decreasing 
CNS injury (4). 

Some viruses (such as hexpesvirus) enter the CNS via the 
olfactory nerves, and ottters (sudi as rabies virus) enter via 
spinal nerves (48). Soine may enter via tihe dicuznvmtriculair 
organs, but most probably cross tiie brain endo^elium or the 
choroid plexus. In the case of HIV, brain endothelial cells lack 
the CD4 and galactosykeramide binding sites that are vised by 
the virus to enter most cells. There is evidence that adsorptive 
endocytosis in response to cytpldnes can mediate uptake, al- 
Oiou^ most HIV entiy is via infected monocytes (57), which 
traverse abnormal tig^t jtinctions (14) and/or penetrate endo^ 
thelial cells. After HIV has penetrated the BBB, it can prolif- 
erate in microglia and otiier non-neiirpnal parenchymal cells, 
to be released systemicaliy to the venous blood via the arach- 
noid granulations and to the cervical lymph nodes via the 
.olfactory tract$ and rterves . Therefore, the CNS can furu^tion as 
both a res^oir and an HlV fectpry tiiat releases the virus to 
tf\e systemic circulation and the cerwal lymph nodes, while 
being pro&cted from systemically administered antiviral 
drugs by the BBB (82). 

It is fortunate ^t infectioh may facilitate the influx of 
antibiotics, such as penidllin, across the BBB, F6r example, fiie 
CSF concentrations of penicillin G 
are usually approximately 0.4% of 
0ie steady-state serum levels in 
normal animals but CSF levels inr 
crease approximafety 10-fold in 
animals with pneurnococcal men" 
ingitis (48). BBB iritegrity varies 
with the type of infective agen^ 
viruses cause minimal BBB dam- 
age, making delivery olF antiviral 
agents a greater challenge for 
physicians. In general, BBB integ- 
rity may be better correlated witti 
CSF protein levels than witii CSF 
white blood cell counts, and CSF 
analyses may facilitate selection 
of appropriate dos<^ of therapeu- 
tic agents. Monitonng of title CSF 
may also be prudent, because the 
BBB may l>e quickly reestablished 
as the infection subsides, reduc- 
ing the permeability to anti- 
infective agents sevendfold. Ihe 
keys to the treatment of CNS bac- 
terial infections aris rapid estab- 
lishment of bactericidal antibiotic 
levds and maintenance of sudi 
^levels throughout the course of 
Aerapy (62). 



Inflammatoiy CN$ Disorders and MS 

Lymphoid cells normally circulate in the vasculature, ex- 
travasate into tissues (including brain tissue), traffic through 
^e lymphatic vessels (via arachnoid granulations or the ol- 
factory nerves [32] in the CNS), and return to the drculaticm. 
E^vasation into die faxaln through the BBB may be influ- 
enced by weak inflammatory stimuH suidi as pain (27) and can 
be accentuated by stronger stimtili such as complete Freund-s 
adjuvant; which can open tiie BBB to albumin, immunoglpb- 
.ulb\ G, and .immunoglobulin M, without concomitant extrav- 
asation of lymphoid cells and without glipsb (63). Such ex- 
travasation may underlieCNS lupus, in whkh there is usually 
minor vasculopathy despite profound encephalopathy. 

Infections and pdier immunological stimuli, such as 
Freund's adjuvant plus myelin basic protein, can cause exper- 
imental allergic en^hal9myelitis (EAE) in animals (48). Ex- 
perimental allergic encephalomydilis is widely, but not uni^- 
formly, considered to be a model of MS. In both IAS and 
experimental allergic encephalomyelitis, increased BBB per- 
meai}ility and lymphoid cell extravasation (59) across the BBB 
{Fig. 5) are early events (52). Extravasation of CD4'*' t cells 
sensitized to several self-myelin and nonmyelin MS antigens 
mediate the hallmark of MS, namely, demyelinatlon. Lym- 
phoid cells nuiy transverse the cerebral capillaries through 
and/or between endothelial cells; the exact route is not dear. 
Locally produced aiitibodies are abo involved and result in 
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FIGURE 5. Dit^mm rfOte eXtmg^^ jmk^ l^j^ (Ob nU almgMendoffidi^ mtiiebody hecmtse of 
bindmghehpeen sdiUms and (hear aaixih^dr^ leading to ftm aikeam qf iid^rbts to on immimogfolmlm 
G-IftE superpttOy, induding it^^eniObM GCAMU and tttscuUar cdl adhesion molecuM, 

fVCAMD. iAola^ suih as wiercdlular adhe^ are normally only bardy detectable on (he cei^rtd 

endqtheMsurfiice, but their expression is ujhregidatoi hi response to proinflammatory cykkines rdeasedhy astrocytes 
and otha- cells (2). Such cytokines include tunm necrosis fadoinx, tnterieukinrl^ and interfam-y, Lymph(M c^^ 
adhesion results in rearrangement of the actin cytqskeletqn cf endothelial cdls via a number cf mediators, opening tiie 
BBB to lymphoid cdl extnaasation. Lymphoid cdls and nuwrophagesareattmctedto the CNS by loto-nwlecularwd^ i 
dtenuMnes (dtemotactic cybuMnes), same cf which are rdeased by astrocytes. As the lyntfMd cdls (CD4* T cdjs) and 
macrophage ejctmoasate, ^hey rdease rhatrix metdlloprotdnases (MMP), wMdi digest the extmcdluhv nuitrix (Slh^^^^ 
bOttiritors (fmeUdhprotdnases represent an ^ectioe treatment fsr experimenta tdlergic encefMomyditis, Rem/ . 
studies enifaiasUed integrin . Mnding to adhesion moleades but questimed ifce role tf sdecUns in the bndn (3, 85), 
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oligodpnal bands with CSF electrophoresis, which represents 
an ixx^rtant dlagnostiafinding (48). Corticosteroids decrease 
Sie BBB lealdness in MS (20), whereas the tiiree major thera- 
peutic agents (15) (interferon-lft interferpn-lo, and ^tiramer 
acetate) all decrease the passage of inunune ceUs across the 
EBB. BBB compromise and extravasation of lymphoid cells 
(59) via adhesion imolecuks, with modulation by cytokines 
and diempkines, are key events early in the pathogenesis of 
MS and autdmmune inflammatory disease. 

Cerebrovascular Disease 

The integri^ of the BBB in ceiebro^^scular disease attrib- 
utable to hypertension (29) or cardiac bypass (72) is variable, 
because flie underlying cerebral ischemia varies with respect 
to mechanism, severity, and diiration (11, 66). During isch^ 
emia, decreasing nutrient levels can lead to endothelial mem- 
brane failure, as can nitric oxide, which may be produced by 
tfie free radicals formed ^ a result of QXjg^ deprivatiqru 
Ischemia can also have effects similar to those of irifkmmatory 
disorders, leading, as noted, to the activation of cytokines such 
as tumor necrosis factor and interleukin-1 and the up^ 
regulation of cell adhesion molecules. White blood cells can 
ttien petietiaV&e BBB, releasing pipt^sies (particularly met- 
ailqptoteinases) and resulting in both cytotcndc and vasogenic 
edema; the latter is attributable to BBB opening, whidi can be 
detected on enhanced CT and/or MRI scans. UrdQce with 
vasogenic edema observed iri CNS timiors, corticpsteioids 
luive litde e^t on ischemia-induced edeii^a, just as they halve 
litde effect on edema produced by tmuma. Xsdiemia may also 
compromise the BBB by increasing vesicular transport across 
the BBB and by opening tight junctions. Transient isclv^nia is 
normally worse than permanent ocdusioh attributable to 
reperfusion iryury (66). Uypoi\atremia, hyperglycemia, and 
fever can all exacerbate the process. 

Cerebral insults sudi as stroke and trauma illustrate two 
bade concepts of BBB biobgical processes (6, 39, 66). The first 
is that BBB opening in and arpimd tiie stroke or traimia can be 
biphasic, particularly after reperfusion injury 07), The second 
is tiiat BBB opening is different for small versus large mole- 
cules. Amor^ patients with isdiemic jnluctioxiS/ tixluiietiumr 
labeled diethylenetriamine penta-acetic add (A^ 398) can pett^ 
etrate the BBB, wh^^ technetium-labeled albiimin 
(approximately 68,000) cannot (24). More severe infarc- 
tions, however, can induce opening to botii large and snuill 
molecules (48), suggesting that ischemic patients with more 
BBB damage may have greater risks of heoiorrhage after fi- 
biinoiy^ (Le., rq>erfu^an). In such cases, tihe admjnistratiQn 
of neurotropihs vn&i genetic delhrery vectors may be nieuro^ 
protective if performed withiri 60 mirtutes (79). 

Finally, tihe location of the BBB daixiage may depend on flie 
type of cerd>rovascular disease (48). Openings at capillaries 
are more likely with ischemia, whereas openings at arterioles 
are more often produced by diabetic vasculopatiiy/ emboUr 
and hypertension and openings at venules can be induced by 
subarachnoid hemorrhage. 



CNS Tumors 

Therapeutic options for tiie treatment of primary and met- 
astatic tumoKS have been limited becausie of the BBB. Periop^ 
erative corticosteroid administration has reduced tiie mortal- 
ity rates associated witih brain tumor surgery from liipre than 
50% to less tfian 5%, by rapidly restoring BBB integrity (12) 
and thus decreasing vasogenic cerebral edema and contrast 
agent enhancemei^However,^!^ has prpvien only 

marginally successfol (75, ST); for sensitive tumors sudi as 
small cell lung cancers, breast cancers, lymphomas, and germ 
cell tumors, there iriay be complete systemic respoiises to 
chemodierapy conoomitarft with tumor progresdon in the 
CNS (16). 

there are several reasons for this di&rence in systemic 
vefsus CNS responses (36). The BBB is extremely heteroge- 
neous axid is frequenti^ more permeable in ttie center of a 
malignant tumor, whereas the well-vascularized, actively pro- 
liferating, infiltrating edge, which is sometimes ref^red fo as 
(tie brain tissue adjacent to the tumor^ exhibits a variable 
degree of BBB integrity {Fig. 6) (75). These difierent penne- 
abUities result in sharply reduced concentrations of diemo- 
tiierapeutic agents at tiie rapidly growing periphery, because 
qflixruted diffusion from tiie central ^l^^ (88). 
This is tmxied tha siiik al^ect, and it cart contribute to cheino^ 
therapy Murie* 

In additioiv tHxause ttie bulk of a tumor gradually decreases 
with treatment, BBB integrity often recovers. In the case of 
pricnary CNS lymphomas, positron eniissicsi tomographic 
scans demonstrated that BBB iritegrity may be reestablished 
aft^ 6 weeks of dieovQthesapy (53), but responses are short- 
lived uiiless Mgh^do6e cheiiioihecapy and/or BBB xnodifica^ 
tion (edirtiques are used to enhance delivery as tiie BBB re- 
-covers. Indeed, BBB]>^iharvced delivery of chemotii^peutic 
agents was observed to increase survival rates for patients 
with primary CNS lymjiihomas, with outcomes being statisti- 
cally correlated yd&i Qie number and degree of BBBDs ^). 

BBBD has led to responses titat are durable for primary CNS 
lymphomas and, althougih ttie approach is invasive, it has 
been us^ with relatively little toxicity. Kraemer et aL (33) 
reported an assodatibn between total dose intensity and sur- 
vival tixnes among 74 patients vriAi primary CNS lymphon^s 
(highly chemosei^ 

Using the total nuix^ disruptions a$ a surrogate measure : 
of totddoseinten^i^(awdg^tedquatity \ 
is also discusised [33]), tiiose autiiors dononstrated a statistir 
cally significant assodatkm between the number of di$tui>- 
tiipns (as a tiine-ici^^ cpvariate) and overall suiyivai 
tbiies ;fpt the pati^ocits^ after . adjustment for age, perfonnahce . ; 
status, sex, and pribr cha2U>fherapy. Figure 7 presents a 
Kapkui-Mder plot of overall survival times among patients 
grouped according to the nuinber of BBBDs (corresponding to 
approximately 3-mp intervals). After accounting for survival 
bias, this anatysis confirms tiie ixhportance of total dose intiair 
sity (ddivered in many courses, rather than in a short period) 
iri the treatment of primary CNS lymphomas with BBBD. 
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FIGURE 6, Cotttnst-isnhim^ CT 
sams tf the basd gftng^ qf a 52- 
year-old woman wiik a primary CNS 
fymphoma^htdicuting Butt the perme- 
pbUity of the bbod-Umtor harrier is 
inconsistent far a given patient or 
even a given tumor nodule. A, CT 
scan demonstrating a bright, uni- 
family enhanang lesion in the rigftt 
basal gfxn^uL The surromdinghypch 
dense sigrial in-^he brain tissue 
aroimd the tumor (arrowheads^ 
shmd4bi^Tiotei(33),3,(^sm<^ 
tatJied afier coniruH.^gent mftufft^ 

trtdian. Coning nudontd vbos aduunl^ered hwnediatdy after osmotic BBBD 
and CT scans were jobtained .30 mimttes after die first BBBD tratment, to 
confirm and assess (he grade of BBBD, The patknt wtderwait ri^ intemid 
'carotid artery disruption in Qie anterior and middle cenM artery ^tribuHim 
(allows). Opening of the bndn tissue around Qte tumor in the (trea of the 
peritumoral hypodense signal emderd in the CTscan in A should be noted (33). 
Q,Cr scan dMned(^ BBBD in 

unexplained, because the only visible tumor was in the r^ cer^runt (A), 
BBBD the day after the CT scan in A extended into the posterior drad^on vk 
the posterior communicating artery, A l^-side bra instem lesion mri apparent in 
pre-BBBD imagptg studies was noted. The ri^ hemipareas wca dms attribut- 
atleto a brmstem tumor (arrows) on the Uft that xoas not apparent on 
pre^BBBD MBl scans (intact BBB and no edema), SUbergdd and Qdooine (76) 
demonstrated tumor ous icmfram TZ-w^ftted abnormalities amangpaHads 
undergoing stereotoctic Mops&s. 

Other BBB-bypass methods that may help patients with tu^ 
mors include stem cell rescue in die treatzhent of oligodendrp*- 
gliomaS/ as a means to avoid radiotherapy, which top oft^ 
impairs cognitive function (17), and dendritic cell vaccines, 
which indius T cells to cross the BTO 

CONCLUSION 

Endodielial cells, in addition to glia and neurons, should be 
considered integral components of die CMS. Indeed, in both 
hpaltfi and disease and extending to old age (69, 74, 80), these 
three cell types should be studied mechanistically as a neuro- 
vascular imit Attention currently directed toward deliveiy of 
neurottierapeutic agents acxpss the cerd>ral endothdiiim is 




FIGURE 7. Kaptan-Maer plot of otferall smnvfd rates far patterds with 
TUtn-AIDS primary CNS lymphomas treated wilh BBBD-delivered metho- 
trexate. Patients were grouped according to the total number of courses; 
the groups represent approximate tratment periods cfle^ than 3 monUts, 
3 to 6 months, 6 to 9 months^ or 9 to 12 months (33), Qxdes, censored 
observations. These results confirm &u importmce of dose intett^ty m the 
treatment cf CNS neoplasms, 

modest compared vn&i studies of the other two components 
of ftie neurovascular unit More researdt is needed to allow us 
to better undeistand 9nd exploit the endotheliiim and to de- 
velop desperately needed therapeutic agents. 
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COMMENTS 

This is a superb reviev^^ of tiie current status of ti\e blbod-brain 
barrier (BBB) in health and disease. It is packed witti flie most 
t^to-date infiDrmatkm. and is both well written and extiemely 
easy to read. Basic research findings axe translated into dinical 
tdevance, and the article provides the reader an in-dq)tit under^ 
standing of ttie physiology and pharmacolo^ of how solutes 
O^utrients, endogenous peptides, proteins, and imrnune as 
well as exogenous drugs) either gain access to or are limited £roin 
tiie Inain and cerebrospinal fluid in bo^ health and disease. Ihe 
status of the barrier changes vastiy depending on the disease 
state, as critically reviewed by the author. Neverflieless, this 
physiological^ pharmacologica], and enzymatic barrier renudns a 
nemesis ii\ effective treatrnent of numerous neurological dis- 
eases. Iti many cases, effective drugs have been des<gW Aat 
fnopxpoiate the appropriate physiaxihemical features to main^ 
tain efQcadous concentratioris at the disease target yMin eidier 
ttie brairi or cerebrospinal fluid; for odier diseases, such drugs are 
not available and may never be developed. £ntriq)rerteurial strat- 
^es to outwit the BBB have become crudat and the .siiost 
interesting hsve been oitically reviewed. Such techniques have 
allowed innovative dinidans arui scientists, as exen^lified by 
the author, td xaike better use of ciorreridy available dri:^ whose 
conventional use in the treatniqit of .bra|ti-seque$tei^ diseases js 
associated with poor outcopc^ 

NigeiH.Gieig 

Bdiimare, Manfhmd 

In this excellent review, Neuwelt has described the BBB in 
terms of botii anatomy arid physioldgy. He has also dj^scribed 
fedmiques used to bceak dcfwti BBB to 
large-molecular-wdg^t corr^xnmds. Meuwelt has published ex- 
tensively on this subject and has presented a large body of data 
suggesting that BBB breakdown can indude flie efBouy of thei^ 
apy ustrig large-nu^eculai^^ compounds, e5i>ecially for jdie 
beatm^t of central nervous system (CN5) iymphoina 

ibeUeve this review is useful in bringing a reader up to date 
in a concise feshipiL One can only hope ^t these techniques 
can be applied to the treatmoit of other diseases with iSbe goal 
of Increasing efficacy. 

Corey Raff ei 

In diis insightful review, Neuwelt presents current kzipwlr 
edge about the BBB and its role in the pattiogenesis of 
various disorders of iSbe CN5. Qeariy, the physiological actiy* 
ity of the BBB affects virtually all aspects of brain function in 
bofli health and disease. Awareriess of this feet compels us to 
revise previqiis coricepts about the CN5 axul embrace a more 
ecicompa^ing noticm of the neiirovascubr unit, which consid- 
ers the endpthelial.cell of brairi capillaries to be just as integral 
to neurophysiology as the neuron and glial celL 

As the author shows, the BBB has traditionally been an 
impediment to treatment of CNS disorders. It is estimated ttiat 



more than 98% of all potential CNS drugs do not cross tWs 
partition (2). In a previous article, however, he labded tiie BBB 
the "Achilles' heel of CNS thierapeutics" and presaged poten- 
tial opportunities for outwitting it (3). 

For instance, adsorptive endocytosis allows ttie ingress pf 
^edfic peptides and proteins across jOie BBB. Approximatdy 
15 transporters have been dwracterized so far, and more than 
50 may exist (2). Drug cor^gation to ligands or antibodies 
directed against these receptors can enhance entry into the 
brairi via transcytosis. This 'Trqan horse" strategy has suc- 
cessfully escorted therapeutic inplecules across the BBB iri 
animal models of stroke and brain tumors. The BBB can also 
transiendy opened with brief intra-arterial infusioris of 
hypertonic solutions, sudi as marmitol or arabiiu^se, fiiat pro- 
duce osmotic shrinkage of the endottidial cells and mechani- 
cal separation of the tight junctioris, or with the infusion of 
varipias inflammaiory mediators. 

When coupled wi^ d^sse tecimiques of penneabilizing the 
BBB, selective intra-arterial delivery pf genetic or cellular ttiera- 
peutic agents to die CNS may drcurnvent many of the limitations 
imposedby conventional routes pf access (1). Ih^ advantages of 
tids strate^ over craniotomy or stoeotactic instillation indude 
the potential for widespread di$tributiQrv ability to delivar 
large volumes, limited perturbation of neural tissue, and the 
feasibiliiy of repeated adnunistratiQa iha:apeutic agents rhay be 
injected irUo die CNS arterial system as liquid suspensions or 
may be integrated into mediardcal scaffolds (5ud\ as stents or 
coils) ttiat sue dj^ipisited intravascularly, allowing release of the 
IndpgiGal mediator with regulated teixi^xuial artd spatial profiles. 
Polymos sudi as poty-L-Iactic add and polyglycplic add have 
been engineered widi mediianical properties, porosity, and deg- 
radation rates favorable for their use as reservoirs for intravas^ 
cular deiiveij of j^ietapeutic agoUs Biodegradable polymeric 
. cpils arui stente have provided ftie pfetfpnns lor local ddivery of 
recombinant growth fedras, cell cytoikiiies, reooinbinant yirus^ 
and otiier gene thoiajpy vectors after endovascular placernent 
Incorporation of gerie therapy vectors into resorbable endolurni- 
nal sterxts and cdls has albn^ site-specific;, sustained transduc- 
tion of cells of vessel walls, induding the adventitia. Xmpregruit- 
ing titese devices with more mobile viehides, sudi as neural 
progenitor cells, may allow gene transfer into Ihe suitoundirig 
parenchyma £^ w 

Therefore, it is reasoriiable to envision caihet^-based depositiQn 
of iiidbajlar, g^^ 



review &ai NeoWtilt ^^^^ is both timefy and vital 



Anin Paul Ainar 

New Haven, Connecticut 
Midiaei L.J. Apuzzb 
Los Angeles, California 
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This authoritative review covers a bioad range of issues 
related to the BB6, ranging from basic principles of func- 
tion under physiological conditions to disrupted or altered 
fonction in selected disease states. Some of Sie highlights of 
the section on physiological function indude the descriptioii 
of tiie multiple contributors that determine tiie extent of move- 
ment of soluble molecules into and out of tiie CNS. These 
indude passive diffusion and active influx and efOux trans^ 
port mechanisms that aie operative at the level of the 66B, the 
choroid plexus, and the selected CNS regions tiiat ladc a BBB 
(drcumventricular organs of the hypothalamus). These are all 
of central importance for tiie issue of drug delivery into the 
CNS. The review describes the challenges of how to "outwit" 
tile BBB by manipiudating transport systems and using iiovel 
vector detiveiy systems and/or dir^ intratiiecal injections. 
The latter bypasses ti\e restrictions imposed by the BBB but 
not tiie problem of diffusion within the CNS tissue. Illustrated 
in the review are emerging neuroimaging tediniques that will 
enhance our'capacity to evaluate the status of the BBB in vivo. 
The section cm disease indudes consideration of infectious/ 
inflammatoiy/ vascular/ and neoplastic disorders, ^each of 
whidi is affected by function and dysfunction of the BBB. 
Imppxtant issues raised indude hotv^ infections access tiie 



CNS, the regulation of autoreactive immune cell trafficking 
across tiie BBB, the e^ct of ischemia on tiie BBB, and how to 
sustsun tumpr^directed diemotherapy responses. As the re* 
view condudes, an enhanced imderstanding of the biology of 
tiie BBB will enhance our opportunities to manipvdate its 
properties for tiieiapeutic purpose. 

Jack P. Antel 
Neurologist 

Mrni^&d, QuAec, Canada 

•ITiere is a resurgence of interest in the biology of tiie BBB. 
I Disruption of tiie BBBa|^ an early event tn many neuroin- 
flammatbry conditions, induding bacterial meningitis and 
multiple Xerosis, and occurs secondary tp cdl damage in 
ischemia and trauma. Asti^ocytes, neurons, iand pericytes 
around the endothelial cells form a neurovascular imit. Be- 
tween tiie endothelial cells and tiie astrocytic end feet is a 
basal lanuna. Damage to any of the comppnents affects the 
function dF tiie entire unit Maay laboratories are attempting to 
discover novel ways to alter BBB permeability transientiy to 
allow drugs to pass from tiie blood into the brain. In tius 
review, Neuwdt descrSbes a wide range of experimental ap- 
proadies. Some are based on the actic^ of drugs, wher^ 
others use dianges in iserum oismblaUty. 

Gary A. Rosenbeig 

Neurplogist 

Mmquenput, New Mexico 
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